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I.  INTRODUCTION 

Electron  beam  interaction  with  electromagnetic  waves  whose  phase  velocities  are  slowed 
down  to  be  in  synchronism  with  the  electron  velocities  is  the  physical  basis  of  operation  of 
traveling  wave  tubes  and  backward  wave  oscillators,  coherent  microwave  radiation  sources 
allowing  control  of  radiation  characteristics.  With  high-current  relativistic  electron  beams 
delivered  from  high-current  pulsed  power  accelerators,  one  can  generate  and  amplify  high- 
power  microwaves  achieving  107  to  1010  W  output  power  levels  at  10'9  to  10'6  s  pulse 
durations.  There  has  been  much  progress  in  this  field  since  the  beginning  of  the  1970’s  [1] 
and  in  the  last  decade  [2].  The  development  of  relativistic  backward  wave  oscillators  has 
resulted  in  its  application  as  a  radar  transmitter  unit  [3].  More  opportunities  for  control  of 
radiation  parameters  are  offered  by  amplifiers  (wider  power  range  and  frequency  bandwidth, 
possibility  of  a  phase  control),  so  that  relativistic  traveling  wave  tubes  (TWT),  wide- 
bandwidth  dielectric  and  plasma  Cherenkov  maser  amplifiers  [4-6]  are  developed  as  well.  In 
all  these  configurations,  a  relativistic  electron  beam  propagates  within  some  slow  wave 
supporting  structure. 

Meanwhile,  the  conditions  of  synchronous  Cherenkov  beam-wave  interaction  are  also 
appropriate  for  surface  wave  antennas.  For  instance,  for  the  well-developed  dielectric  rod 
antenna  [7],  the  operating  mode  has  a  subluminal  phase  velocity  and  axial  electric  field 
component  outside  a  rod.  Hence,  if  an  annular  relativistic  beam  propagates  along  the  rod 
surface,  it  can  amplify  an  antenna  feed  signal,  i.e.,  the  antenna  feed  signal  would 
simultaneously  serve  as  the  TWT  RF  drive.  This  means  that  there  is  neither  need  for  a 
transmission  line  between  the  amplifier  and  antenna,  nor  for  a  mode  converter  providing 
appropriate  field  structure  to  antenna  feeding.  Such  a  hybrid  configuration  that  was  called  an 
antenna-amplifier  [8]  would  yield  a  compact  source  of  high-power  microwaves  with  the 
added  benefit  of  controllable  power,  frequency  spectrum,  phase,  and  also  extracted 
microwave  beam.  The  device  may  have  wide  bandwidth  and  high  directivity.  This  could 
significantly  extend  the  area  of  application  of  high  power  microwave  sources,  in  particular,  to 
applications  in  surveillance  and  electronics  countermeasure  systems. 

The  antenna-amplifier  concept  can  be  realized  when  an  electron  beam  is  generated  by  a 
module  of  a  linear  induction  accelerator  (LIA)  as  shown  in  Fig.l.  Due  to  the  physical 
principles  of  LIA  operation  (the  electric  field  is  induced  by  magnetic  flux  variation  in  the 
toroidal  inductors),  the  cathode  holder  from  the  external  side  is  at  ground  potential.  Hence,  it 
can  be  connected  to  an  external  microwave  source,  and  the  hollow  cathode  holder  serves  as 
the  antenna  feed  waveguide.  Linear  induction  accelerators  are  compact  and  capable  of  high 
repetition  rate  operation,  a  trait  that  is  important  for  practical  applications. 

There  is  a  significant  physical  peculiarity 
of  the  system  shown  in  Fig.l.  The  operating 
mode  of  a  rod  antenna  is  the  fundamental 
non-axisymmetric  HEi  i  mode  that  is  atypical 
for  conventional  TWTs,  which  operate  in 
symmetric  TM  modes.  In  the  work  [8],  a 
linear  theory  was  developed  for  the  annular 
beam  instability  in  a  circular  waveguide  with 
an  inner  dielectric  rod  for  the  general,  non- 
axisymmetric  case.  It  was  found  that, 
depending  on  the  geometry,  the  HEn  mode 
can  be  the  dominant  mode,  or  there  can  be  no 
prevalence  of  this  mode  in  the  instability 
spectrum.  This  was  the  first  step  in  the 


Fig.l.  Hybrid  antenna-amplifier  (schematic).  The 
feed  waveguide  of  the  rod  antenna  is  the  cathode 
holder  of  LIA  module.  It  is  at  ground  potential. 
The  generated  electron  beam  amplifies  the  feed 
signal  due  to  the  TWT  interaction  mechanism. 
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exploration  of  the  antenna-amplifier  concept.  Later,  the  nonlinear  theory  was  formulated 
accounting  for  asymmetry  of  RF  fields  and  possibility  of  beam  interaction  with  higher-order 
modes  at  harmonics  of  the  drive  signal  frequency  [9],  and  initial  3-D  numerical  simulations 
were  carried  out  [10]. 

In  this  project,  a  further  development  of  the  described  idea  has  been  accomplished.  The 
objectives  of  this  project  were  to  explore  the  concept  of  hybrid  antenna-amplifier  in  much 
more  details  through  theoretical  investigations,  numerical  simulations,  and  experiments  and  to 
elaborate  an  initial  design  of  the  antenna-amplifier  device  that  is  based  on  a  dielectric  rod 
antenna  and  driven  by  an  electron  beam  produced  in  a  compact  LIA  module. 

The  scope  of  project  activities  included  two  tasks.  The  first  task  was  the  theoretical 
exploration  of  the  concept  of  antenna-amplifiers.  It  was  necessary  to  investigate  specific 
nonlinear  effects  in  TWT  interaction  caused  by  the  azimuthal  dependence  of  microwave  drive 
field,  i.e.,  harmonic  generation  due  to  electron  beam  interaction  with  higher-order  modes  of 
the  system.  The  approach  for  that  was  in  performing  1-D  multimode  simulations  based  on  the 
developed  multimode  nonlinear  theory  accounting  for  an  arbitrary  number  of  modes 
potentially  synchronous  to  the  beam  at  some  harmonic  of  the  drive  frequency.  Also  planned 
were  particle-in-cell  simulations  using  the  3-D  version  of  the  code  MAGIC  applicable  to  the 
case  of  non-axisymmetric  operating  mode.  Full-scale  numerical  experiments  taking  into 
account  the  peculiarities  of  geometry,  effects  of  electron  beam  explosive  emission  model,  and 
particles  transverse  motion  had  to  verify  the  results  of  the  simplified  1-D  theory  and  fix  the 
initial  design  of  the  hybrid  antenna-amplifier.  Additional  particular  problem  in  the  scope  of 
theoretical  exploration  was  the  development  of  linear  theory  for  the  case  of  disc-loaded 
conducting  rod  in  order  to  make  a  comparison  with  the  device  based  on  a  dielectric  rod 
antenna.  This  had  to  make  clear  whether  conducting  surface  wave  antenna  could  be  preferable 
for  the  antenna-amplifier  device  to  be  based  on,  since  in  the  absence  of  dielectric,  there  are  no 
problems  connected  with  the  near-surface  plasma  formation. 

The  second  task  was  the  experimental  exploration  of  the  concept  of  antenna-amplifiers.  It 
assumed,  before  all,  the  modification  of  the  LIA  module  and  fabrication  of  the  hardware 
necessary  to  conduct  the  model  experiments  planned.  The  key  model  experiments  connected 
with  the  problem  mentioned  above  were  the  experiments  on  the  LIA  module  on  annular 
electron  beam  generation  and  transportation  with  a  dielectric  rod  inside.  They  were  supposed 
to  clarify  whether  plasma  formation  takes  place  at  the  dielectric  surface  in  the  device  without 
a  microwave  drive  signal  and  to  estimate  a  density  of  this  plasma  in  order  to  conclude  how 
strongly  it  can  affect  microwave  transmission.  The  approach  for  that  was  in  implementing 
diagnostics  using  electron  saturation  current  measurements.  Another  part  of  the  experimental 
program  was  in  studying  microwave  transmission  through  the  system  and  radiated  antenna 
pattern  in  the  absence  of  electron  beam.  These  experiments  were  supposed  to  make  clear  how 
the  actual  geometry  of  the  device  affects  the  antenna  efficiency.  Standard  methods  of 
microwave  antenna  measurements  were  employed,  with  the  use  of  low  power  X-band 
frequency  tunable  generator,  to  determine  the  level  of  reflections  and  angular  dependences  of 
radiation  power  in  the  far  field  region. 

It  should  be  acknowledged  here  that  the  possibility  to  use  the  code  MAGIC  for  particle- 
in-cell  simulations  was  kindly  given  to  the  project  manager  at  the  University  of  New  Mexico, 
USA  and  Nagaoka  University  of  Technology,  Japan  due  to  invaluable  cooperation  of  Prof. 
Edl  Schamiloglu  (UNM)  and  Dr.  Weihua  Jiang  (NUT). 
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II.  TASKS  AND  RESULTS  OBTAINED 


1.  Task  1.  Theoretical  exploration  of  the  concept  of  antenna-amplifiers 
a)  1-D  multimode  simulations 


For  the  antenna-amplifier  device,  the  process  of  electron  beam  interaction  with  a 
synchronous  electromagnetic  wave  at  the  nonlinear  stage  may  significantly  differ  from  that 
occurring  in  conventional  TWTs  because  of  the  specific  character  of  its  operating  mode,  non- 
axisymmetric  HEn  mode.  Differences  concern  the  effect  of  the  drive  frequency  harmonics 
generation,  which  is  known  for  TWTs  with  bandwidth  greater  than  an  octave  bandwidth  [1 1]. 
For  the  antenna-amplifier,  it  was  seen  from  the  results  of  the  spatial  growth  rate  calculations 
[8]  that  multiples  of  the  fundamental  HEn  mode  amplification  band  frequencies  might  reside 
within  the  amplification  bands  of  the  higher-order  modes.  If  a  microwave  drive  signal  enters 
the  interaction  space  in  a  symmetric  TM  mode  (that  is  usual  for  classical  TWTs),  no 
asymmetric  modes  can  be  excited  because  of  the  orthogonality  of  the  eigenfunctions  for  RF 
fields  with  respect  to  the  symmetric  ac  current.  The  opposite  is  not  the  case  with  the 
asymmetric  HEn  mode,  which  can  induce,  due  to  nonlinearity,  any  azimuthal  harmonic  of  ac 
current  in  the  large  signal  regime.  Therefore,  for  the  antenna-amplifier,  the  spectrum  of  modes 
that  are  able  to  couple  to  the  beam  is  not  limited  by  the  set  of  modes  with  a  common 
azimuthal  index,  and  harmonics  of  the  drive  frequency  are  generated  in  higher-order  modes. 

In  addition,  coupling  of  higher-order  modes  to  the  beam  at  harmonic  frequencies  can  be 
significant  since  for  the  HEu  mode,  the  microwave  power  is  distributed  over  the  whole 
dielectric  rod  transverse  cross-section,  whereas  for  other  modes,  it  is  concentrated  near  the  rod 
surface.  Thus,  the  same  power  corresponds  to  larger  ^-component  at  the  beam  radius  for 
higher-order  modes.  This  can  lead  to  a  power  level  of  radiation  at  harmonic  frequencies 
comparable  to,  and  even  exceeding  that  of  the  main  signal,  in  difference  of  classical  large 
bandwidth  TWT  amplifiers  where  harmonics  power  level  is  typically  much  less  than  that  of 
the  main  signal.  Hence,  multimode  simulations  are  needed  for  the  antenna-amplifier  to  show 
the  degree  of  harmonics  growth  at  different  parameters  of  the  system. 

The  set  of  equations  allowing  for  such  simulations  is  similar  to  that  from  nonlinear  TWT 
theory  [12],  but  takes  into  account  an  arbitrary  number  of  modes  potentially  synchronous  to 
the  beam  at  some  harmonic  of  the  main  frequency.  This  means  that  for  each  particle,  there 
must  be  a  separate  equation  for  its  phase  with  respect  to  each  mode  a  involved  into  the 
interaction  process  6a  =  nacot  -  k0a(naco)z ,  where  co  is  the  drive  frequency,  na  is  a  harmonic 

number,  and  koa  is  a  mode  axial  wavenumber.  With  the  assumption  of  zero  beam  thickness, 
this  equation  is  written  as  follows: 

d9a  =  naco  k 

dz  u(z,<p,t0) 

Here  u  is  a  particle  velocity,  to  is  a  moment  of  its  entering  into  the  interaction  space,  and  <p  is 
its  azimuthal  position.  Particle  motion  and  RF  fields  depend  on  tp.  The  equation  of  excitation 
[12]  for  a  mode  with  azimuthal  index  la  can  be  presented  in  the  following  form: 


dz 


4  Pa  In  2na 


where  Ea  stands  for  a  mode  complex  amplitude  at  the  beam  radius  r*,  the  ratio  of  the  square 
of  the  electric  field  z-component  to  the  power  Pa  represents  a  mode  coupling  coefficient,  / 
is  the  beam  current,  and  00a  =  nacotQ  is  the  initial  phase  of  a  particle  with  respect  to  the  given 
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mode.  The  relativistic  equation  of  motion  in  1-D  case  and  without  taking  into  consideration 
non-synchronous  ac  space  charge  fields  is: 

.  (  ..2\K 


du 

dz 


I-' 

mu  , 


^Re{£Q(z)e''k(z'?,'^K,,]}, 


where  e,  m,  c  stand  for  the  electron  charge,  rest  mass,  and  the  speed  of  light,  respectively. 
Introducing  the  suitable  normalized  variables 


r  n  ®  V0  U  „  1 

C  =  z,  v  =  — ,  v0  =1 - ,  Ea  =- 


un 


C,  y  m<m0 


as  well  as  the  mismatch  parameters  and  analogues  of  Pierce  parameter  for  each  mode 


8„  = 


1 


*0,«0  { 

n„co 


C3  = 


el  <S>l(rb) 


y3mco2 


4  P 


where  uo  is  the  initial  value  of  electrons  velocity,  y  is  corresponding  Lorentz  factor,  Cy  is  the 
Pierce  parameter  corresponding  to  the  fundamental  HEn  mode,  and  assuming  that  vo  «  1, 
one  can  obtain  the  following  set  of  equations  used  in  our  1-D  multimode  simulations: 

gjj*  i  /**  3  2jt  2# na 


d£ 

dd„ 

dS 


1 

1  a 

In2  naC] 
naiV~Sa) 


\d<p  \e,(e°-'°v)de0a 


—  =  [l  +  2{y 2  - l)c, yf2  X  Re^e-^-'^} 

dC,  a 

So,  each  mode  involved  into  simulations  is  characterized  with  its  own  azimuthal  index, 
harmonic  number,  mismatch  parameter,  and  coupling  (Pierce)  parameter.  It  is  also  necessary 
to  take  into  account  the  degeneracy  of  non-axisymmetric  modes.  This  is  accomplished  by 
accounting  for  modes  with  both  positive  and  negative  values  of  the  azimuthal  index.  As  a 
result,  one  can  perform  simulations  for  arbitrary  structure  of  the  input  signal  field:  fixed, 
azimuthally  rotating,  or  some  mixed,  just  setting  proper  initial  conditions  for  the  amplitudes 
of  the  modes. 

Finally,  the  microwave  power  transmitted  in  the  mode  a  normalized  to  the  kinetic  beam 
power  at  the  entrance  is  given  by  the  expression: 

Pa  =y(y  +  i)C,4  ,g  ,2 

p  4  c3  '  ' 

For  non-axisymmetric  modes,  the  power  is  a  sum  of  contributions  from  positive  and  negative 
azimuthal  index  values. 

The  actual  values  of  mismatch  and  Pierce  parameters  8a  and  C\  for  different  modes 
required  for  simulations  are  calculated  from  the  numerical  solution  of  the  dispersion  relations 
(yielding  koa )  and  integrating  Poynting  vector  profiles  over  the  cross-section  of  the  circular 
waveguide  with  an  inner  dielectric  rod  (that  yields  Pa ).  Corresponding  expressions  are  known 
(see,  for  instance,  [13]).  The  dispersion  relation  can  be  written  as  (index  a  is  further  omitted): 


pF'E{qa,qb)  qj',(pa)J  pF'H(qa,qb)  qj\{pa ) 


- b  E - — —  |i - 1 - — — 

Fe  (< qa ,  qb)  j,  (pa)  J|_  FH  (qa,  qb )  j,  (pa) 

tt  2  (n®)2 

Here,  p  =e- 


+  - 


(E-l)l 


nco  k0 


c  pqa 

0  ,  qL  =k 0Z  £  is  the  dielectric  constant,  a  is  the  rod 


■k,2  ~2  ’-2 


c  c 

radius,  b  is  the  waveguide  radius,  j,  is  Bessel  function  of  /th  order,  and  other  functions  are: 
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Fe  (x,  y)  =  I,  (x)K,  (y)  - 1,  ( y)K ,  (x) ,  F'E  (x,  y)  =  1\ (x)K,  (y)  - 1,  ( y)K\ \ (x) , 

Fh  (x, y)  =  I, ( x)K\(y )  - r,(y)K, (x) ,  F’  (x, y)  =  I\{x)K\{y)  - I\{y)K;{x) , 

where  7/  and  K/  are  modified  Bessel  functions. 

The  power  is  calculated  through  the  transverse  RF  field  components 

P  =  C.  jRefo#;  -  EX  =  -  jS2  (r)rdr , 

4  0  4  0 

where  the  function  S2  giving  the  radial  profile  of  Poynting  vector  axial  component  is 
expressed  through  the  radial  profiles  of  axial  electric  and  magnetic  fields  (<f>  and  \|/)  as 
follows. 


In  dielectric  region  (r  <  a), 


In  vacuum  region  (a  <  r  <  b), 


The  profiles  of  axial  fields  here  are  following  ( Eo  is  an  amplitude): 


In  all  simulations  performed,  the  particle  ensemble  was  uniformly  distributed  over  the 
intervals  (0,  2n)  in  azimuthal  positions  and  initial  phases  with  respect  to  the  HEn  mode  (for 
multiple  frequencies,  initial  phases  are  distributed  respectively  between  0  and  2nna). 
Typically,  48x48  particles  were  utilized.  There  was  also  no  velocity  modulation  set  at  the 
entrance  (v  =  0  for  all  particles).  Most  of  the  simulations  were  performed  accounting  for  the 
five  modes,  the  HEu  mode  at  the  main  frequency  and  the  four  higher-order  modes,  which,  as 
was  seen  from  spatial  growth  rate  calculations  [8],  might  be  excited  at  its  multiples:  the  TM0i 
and  HE21  modes  at  the  2nd  harmonic  and  the  HE12  and  HE31  modes  at  the  3rd  harmonic. 
Complex  amplitudes  E  at  the  entrance  for  higher-order  modes  were  set  zero. 

It  is  obvious  that  two  different  physical  situations  are  possible  with  the  dominance  of  the 
HEn  mode,  in  which  the  RF  drive  signal  enters  the  interaction  space.  At  the  output  cross- 
section,  its  power  can  be  either  prevailing  or  not  prevailing  over  powers  transmitting  in 
higher-order  modes  at  harmonic  frequencies.  In  the  first  case,  the  antenna-amplifier  device 
would  operate  like  a  conventional  relativistic  TWT,  just  with  the  specific,  asymmetric 
operating  mode  that  is  suited  for  the  drive  signal  input  and  output  radiation  extraction.  In  the 
second  case,  an  unusually  high  RF  power  would  be  in  harmonics  that  is  more  complicated 
compared  to  a  traditional  TWT,  however,  would  represent  a  very  interesting  feature  if  the 
harmonics  content  in  the  output  signal  spectrum  can  be  controlled  electronically.  The  first 
case  is  more  appropriate  for  initial  experiments  that  would  prove  the  concept  of  antenna- 
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amplifiers;  the  second  case  promises  novel  tuning  schemes  (tuning  the  ratio  of  harmonic 
amplitudes  in  the  radiation  spectrum),  so  that  it  can  be  considered  for  possible  future  research 
on  the  antenna-amplifier. 

Therefore,  our  1-D  multimode  simulations  were  aimed  at  finding  the  characteristic  sets  of 
parameters  providing  these  two  physical  situations.  In  addition,  for  the  first  case,  we 
determined  the  achievable  efficiency  of  the  device  and  for  the  second  case,  we  focused  rather 
on  possible  means  to  control  electronically  the  harmonics  content. 

In  Fig.2,  the  results  of  simulations  are  shown  for  the  set  of  parameters  that  exhibited  in 
[8]  the  significant  prevalence  of  the  fundamental  mode  over  the  higher-order  ones  in  the 
linear  growth  rate.  In  these  simulations,  the  initial  condition  for  the  dimensionless  complex 
amplitude  of  the  HEn  mode  was  E  =  (0.1,  0)  for  both  positive  and  negative  azimuthal  index, 
meaning  that  the  input  signal  was  linearly  polarized.  This  input  signal  induced  frequency 
harmonics  in  higher-order  modes,  the  level  of  which  is  seen  from  the  plots*.  For  the  left  plot, 
the  main  (input)  frequency  was  set  in  the  way  providing  the  exact  synchronism  between  the 
beam  and  HEn  mode  phase  velocity,  i.e.,  the  mismatch  parameter  8  was  zero  for  the  HEn 
mode.  One  can  see  that  at  the  exact  synchronism,  the  2nd  harmonic  level  is  rather  high.  Even 
at  the  maximum  of  the  main  signal  power  (z«  19  cm),  where  the  efficiency  reaches  -23%,  the 
2nd  harmonic  level  is  just  10  dB  less,  and  at  longer  lengths,  where  the  main  signal  gets 
minimums,  it  becomes  comparable  and  even  exceeding  (as  one  should  add  the  powers  of  the 
TMoi  and  HE2i  modes). 


Fig.2.  Microwave  power  of  different  modes  vs.  axia!  coordinate:  1  -  HEu  mode  at  the  main  frequency;  2a  - 
TMoi  mode  at  the  2nd  harmonic;  2b  -  HEn  mode  at  the  2nd  harmonic;  3  -  HE3i  mode  at  the  3rd  harmonic.  The 
main  frequency  is  8.87  GHz  (left)  and  9.55  GHz  (right).  s=  5 ,a  =  0.6  cm,  b  =  2  cm,  r*  =  1  cm,  y-  1.4,  /=  1  kA. 

For  the  increased  drive  frequency  giving  the  positive  mismatch,  as  is  seen  from  the  right 
plot  in  Fig.2,  the  simulation  demonstrates  well-known  behavior  of  the  main  signal  power;  the 
maximum  efficiency  increases  (up  to  -32%)  as  well  as  the  corresponding  axial  coordinate  (up 
to  -22  cm).  An  important  thing  here  is  that  the  harmonics  power  level  significantly  decreases; 
the  difference  from  that  of  main  signal  makes  -20  dB  at  its  maximum  and  remains  greater 
than  10  dB  even  at  almost  3  times  longer  interaction  space,  which  is  evidently  not  applicable 
in  practice.  The  power  transmitted  in  the  HEn  mode  reduces  in  stronger  degree  compared  to 
that  in  the  TMoi  mode. 

Further  increasing  input  frequency  results  already  in  suppression  of  the  2nd  harmonic 
growth  in  both  TMoi  and  HE2i  modes.  This  can  be  seen  from  Fig.3  where  its  power  level  is  at 
least  20  dB  lower  than  the  power  in  the  operating  HEu  mode  over  the  whole  simulation 
length.  At  the  same  time,  further  increasing  mismatch  for  the  HEi  i  mode  does  not  lead  to 


*  For  the  HE12  mode,  the  curves  are  not  shown  since  their  level  is  too  low. 


8 


significant  increasing  maximum  efficiency  and  corresponding  coordinate.  In  Fig. 3,  the 
maximum  efficiency  reaches  -33%  at  z  *  26  cm.  It  should  be  noted  here  that  the  input  power 
corresponding  to  the  value  of  the  dimensionless  complex  amplitude  at  z  =  0  is  of  -270  kW. 

One  can  conclude  from  the  results 
presented  that  the  set  of  parameters  taken 
for  these  simulations  seems  quite 
appropriate  for  initial  proof-of-principle 
experiments  on  an  X-band  antenna- 
amplifier  device. 

Obviously,  other  parameters  also  can 
provide  the  dominance  of  the  HEn  mode 
and  main  frequency  in  the  output  spectrum 
of  X-band  antenna-amplifier.  For  instance, 
simulations  with  a  higher  dielectric  constant 
of  the  rod  material  demonstrate  the  same 
low  level  of  power  at  harmonics,  and  the 
amplifier  efficiency  and  optimal  length 
remain  close  to  shown  in  Figs. 2-3. 
However,  in  order  to  keep  the  operating  frequency  at  the  same  level,  one  need  to  decrease  the 
beam  energy  rather  significantly.  In  particular,  for  e  =  6,  the  proper  value  of  Lorentz  factor  y 
is  as  low  as  1.25,  so  that  the  electrons  energy  (-125  keV)  is  almost  twice  lower  than  in  the 
case  of  s=  5,  y=  1.4  (-200  keV).  Therefore,  the  output  power  at  such  parameters  would  be 
almost  twice  lower  too.  On  the  other  hand,  with  a  lower  dielectric  constant,  higher  electrons 
energy  is  needed.  For  e  =  4,  the  proper  value  of  yis  1.65  that  corresponds  to  -325  keV.  Such 
increasing  operating  voltage  would  make  a  device  less  compact,  though,  of  higher  output 
power. 

Some  results  of  1-D  simulations  with  e-  4  are  presented  in  Fig.4.  As  is  seen  from  the  left 
plot,  increasing  electrons  energy  leads  also  to  increasing  harmonics  level.  For  the  parameters 
of  right  plot,  the  same  operating  frequency  is  achieved  again  with  y=  1.4  at  the  expense  of  the 
rod  radius  increase  from  6  to  8  mm.  This  plot  again  exhibits  a  low  harmonics  level  and 
maximum  efficiency  for  the  main  signal  of  -29%;  though,  the  maximum  is  reached  at 
considerably  longer  length  (-34  cm)  compared  to  the  case  of  e=  5  and  thinner  rod. 


Fig.3.  The  same  as  in  Fig. 2  except  for  9.9  GHz 
main  frequency. 


harmonic  are  designated  as:  3a  -  HE)2  mode;  3b  -  HE3i  mode.  For  the  left  plot,  y=  1.65,  a  =  0.6  cm,  rb  =  1  cm; 
for  the  right  plot  y=  1.4,  a  =  0.8  cm,  rb  =  1.2  cm.  Other  parameters  and  designations  are  the  same  as  in  Fig.2. 

An  increase  of  the  beam  current  also  results  in  increasing  harmonics  level.  For  instance, 
for  the  parameters  of  the  right  plot  of  Fig.2,  the  twice-higher  current  of  2  kA  yields  almost 
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twice-higher  power  at  2nd  harmonic  in  the  TMoi  mode  at  the  maximum  of  main  signal  power, 
whereas  the  efficiency  increases  very  slightly.  At  the  same  time,  if  the  current  is  varied  within 
the  range  of  1.0-1. 3  kA,  the  results  of  computation  remain  practically  the  same  as  plotted  in 
Fig.2.  It  should  be  noted  here  that  our  assumption  ignoring  non-synchronous  fields  of  the  ac 
space  charge  might  lead  to  a  serious  inaccuracy  at  high  current  values. 

At  last,  the  influence  of  the  beam-rod  gap,  i.e.,  the  coupling  parameter,  on  the  results  of 
simulations  is  illustrated  in  Fig. 5.  Compared  to  the  case  of  Fig.2,  where  the  gap  was  4  mm,  it 
was  taken  2  mm  smaller  (left  plot)  or  2  mm  larger.  It  is  seen  that  in  case  of  strong  coupling, 
the  maximum  power  of  the  main  signal  is  reached  at  considerably  shorter  length;  however, 
the  harmonics  level  is  much  higher  than  that  shown  in  the  right  plot  of  Fig.2.  In  case  of  weak 
coupling,  the  harmonics  level  is,  on  the  contrary,  much  lower,  however,  the  main  signal 
power  is  also  a  bit  lower,  and  much  longer  rod  is  required  to  get  its  maximum.  Evidently,  the 
intermediate  case  of  Fig.2  would  be  preferable  for  practical  realization  of  the  device. 


Fig.5.  The  same  as  in  Fig.2  (the  frequency  is  9.55  GHz),  except  for  r*  =  0.8  cm  (left)  and  1 .2  cm  (right  plot). 

Thus,  the  following  set  of  parameters  was  chosen  for  further  particle-in-cell  simulations 
and  designing  the  initial  gain  demonstration  experiments  with  the  antenna-amplifier:  e  =  5.0, 
a  =  0.6  cm,  b  =  2  cm,  r*  =  1  cm,  y=  1.4,  /=  1.0-1. 3  kA. 

The  effect  of  harmonic  generation  is  strongly  expressed  for  the  parameters  giving  no 
prevalence  in  linear  growth  rate  to  the  HEn  mode  over  higher-order  modes  [8],  In  Fig.  6,  the 
results  of  multimode  simulations  are  shown  for  this  set  of  parameters.  The  initial  conditions 
for  the  HEu  mode  complex  amplitude  were  taken,  as  for  the  previous  set,  E  =  (0.1,  0)  for 
both  /  =  ±1  simulating  the  linearly  polarized  signal,  This  corresponds  to  the  input  microwave 
power  of  ~1.3  MW.*  For  the  left  plot  of  Fig. 6,  the  drive  frequency  corresponds  to  the  exact 
synchronism  with  the  beam;  for  the  right  plot,  there  is  some  positive  mismatch. 

It  is  seen  that  both  plots  exhibit  a  real  mode  competition  between  the  fundamental  HE]  i 
mode,  TMoi  mode  at  the  2nd  harmonic,  and  HE12  mode  at  the  3rd  harmonic.  Microwave 
powers  at  harmonics  become  comparable  and  much  exceeding  the  power  at  the  main 
frequency,  depending  on  the  axial  coordinate.  It  is  important  that  the  efficiency  level  seen 
here  is  absolutely  typical  for  relativistic  TWTs,  and  the  length  scale  is  quite  reasonable  to  be 
realized  in  practice.  In  fact,  the  curves  in  Fig.6  represent  dependences  of  powers  in  the  modes 
involved  into  the  competition  process  on  the  length  of  the  interaction  space.  In  the 
configuration  with  the  beam  propagating  outside  the  inner  rod,  it  is  rather  simple  to  control 
the  point  of  beam  removal  out  of  the  interaction  space  by  changing  the  length  of  the  guiding 
magnetic  field.  One  can  see  that  the  variation  of  the  place  of  beam  dump  over  the  range  of 
only  about  20  cm  leads  to  a  dramatic  change  of  the  output  signal  harmonics  content.  Indeed, 


*  Such  amount  is  quite  accessible  practically,  if  an  X-band  pulse  compressor  is  used  as  microwave  drive  source. 
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different  coordinates  correspond  to  different  situations.  At  z  «  25  cm,  there  is  the  dominance 
of  the  main  frequency  with  the  efficiency  of  15-18%,  while  the  efficiencies  at  the  2nd  and  3rd 
harmonics  do  not  exceed  4%.  At  z  *  35  cm,  one  can  see,  in  fact,  equal  powers  at  the  1st,  2nd, 
and  3rd  harmonics  in  the  right  plot,  or  rather  close  powers  around  z  =  35  cm  in  the  left  plot, 
with  -5-7%  efficiency  in  each  harmonic.  At  last,  for  z  «  45  cm,  one  has  the  dominance  of  the 
2nd  harmonic  (-13-15%  efficiency)  with  the  3rd  harmonic  middle  and  the  main  frequency 
lowest  power  (in  the  right  plot,  it  falls  even  lower  than  the  level  of  input  signal).  Hence, 
variation  of  the  guiding  magnetic  field  length,  which  can  be  realized,  for  instance,  as  turning 
on  some  reverse  field  coils  placed  above  a  main  solenoid,  represents  a  means  of  electronic 
control  of  the  spectrum  of  output  radiation,  i.e.,  tuning  the  harmonics  content. 


Fig.  6.  Microwave  powers  vs.  axial  coordinate:  1  -  HEn  mode  (main  frequency),  2a  -  TMot  mode,  2b  -  HE2, 
mode  (both  at  2nd  harmonic),  3a  -  HE|2  mode,  3b  -  HE3i  mode  (both  at  3rd  harmonic).  The  main  frequency  is 
9.38  GHz  (left)  and  9.9  GHz  (right),  e-  2.25,  a  =  1  cm,  6  =  2  cm,  r*  =  1.2  cm,  y=  1.8, 1  -  1.7  kA. 


The  similar  tuning  can  be  achieved  by  means  of  the  variation  of  input  signal  frequency  as 
well.  The  linear  gain-bandwidth  is  larger  for  the  HE]  i  mode  than  for  other  modes,  so  that  for  a 
large  enough  mismatch,  the  multiple  frequencies  may  not  reside  within  higher-order  modes 
amplification  bands  any  more.  In  Fig.  7,  the  results  of  simulations  are  plotted  for  higher  drive 
frequencies  giving  ever  increasing  positive  mismatch.  For  the  main  signal,  the  maximum 
efficiency  increases  up  to  20-25%  as  expected,  and  the  power  level  induced  at  harmonics 
decreases  (as  is  seen  from  the  right  plot,  the  HEn  mode  already  'wins'  the  mode  competition). 
Simulations  show  that  the  main  signal  can  dominate  over  harmonics  at  a  negative  mismatch 
as  well,  but  with  less  efficiency.  The  drive  signal  frequency  variation  can  be  easily  realized, 
so  that  one  can  control  harmonics  content  at  a  fixed  length  of  the  interaction  region. 


Fig.7.  The  same  as  in  Fig.6  except  for  the  main  frequency  is  10.5  GHz  (left)  and  1 1.33  GHz  (right  plot). 
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Also,  there  is  a  way  to  change  the  ratio  of  harmonic  amplitudes  in  radiation  spectrum  at  a 
fixed  system  length  and  input  frequency  both.  Namely,  the  output  signal  spectrum  can  be 

'switched  over'  if  the  drive  signal  polarization 
is  changed  from  linear  to  circular.  Indeed,  if 
the  drive  signal  field  pattern  rotates,  all 
particles  are  on  average  'equal'  regardless  of 
their  azimuthal  positions;  hence,  bunching  at 
different  azimuths  requires  the  same  length, 
just  bunches  are  formed  around  different 
phases.  This  means  that  the  beam  becomes 
looking  like  a  regular  helix,  and  only  such 
modes  can  grow  that  have  the  same  angular 
phase  velocity  as  of  the  HEn  mode,  i.e.,  the 
HE21  mode  at  the  2nd  harmonic  and  the  HE31 

Fig.8.  The  same  as  in  Fig.6  (left  plot)  except  tnode  at  the  3  .  The  TM01  and  HE12  modes 

for  the  input  signal  polarization  is  circular.  cannot  grow,  unlike  the  case  of  linear 

polarization.  An  example  of  multimode 
simulation  performed  with  such  initial  conditions  that  E  =  (0.1,  0.1)  for  /  =  1  and  E  =  (0,  0) 
for  l  =  -1,  which  keep  input  power  the  same  just  setting  the  circular  polarization  for  the  drive 
signal,  is  presented  in  Fig.8.  It  is  seen  from  the  comparison  with  the  left  plot  of  Fig.6  that 
changing  polarization  represents  one  more  means  for  electronic  control  of  the  harmonics 
power. 

Thus,  the  investigated  set  of  parameters  {<?  =  2.25,  a  =  1  cm,  b  =  2  cm,  rb  =  1.2  cm,  y  = 
1.8,  7=  1.7  kA}  exhibited  effective  multiplication  of  X-band  drive  signal  frequency  in  the 
antenna-amplifier  due  to  the  2nd  and  3rd  harmonics  generation,  and  our  1-D  simulations 
demonstrated  real  possibilities  for  the  output  signal  harmonics  content  to  be  controlled 
electronically.  It  means  that  novel  tuning  schemes  can  be  realized.  A  device  capable  of  tuning 
the  ratio  of  harmonic  amplitudes  in  the  radiation  spectrum  consisting  of  several  harmonics 
could  find  interesting  applications.  It  seems  important  therefore  to  verily  the  existence  of  the 
effect  discussed  in  full-scale  3-D  particle-in-cell  simulations.  This  feature  of  the  antenna- 
amplifier  is  worthy  of  thorough  experimental  research  in  the  future. 

b)  3-D  particle-in-cell  simulations 

According  to  the  above  Section,  there  are  two  characteristic  sets  of  parameters  for  the 
dielectric  rod  and  electron  beam  in  the  antenna-amplifier,  which  are  of  interest  for  further 
investigations.  Let  us  call  them  Set  1  and  Set  2;  they  correspond  to  the  discussed  above  cases 
of  the  HEu  mode  dominance,  or  no  dominance,  respectively.  We  have  carried  out  the  full- 
scale  numerical  simulations  of  the  antenna-amplifier  device  for  both  configurations  using  the 
3-D  version  of  the  PIC  code  MAGIC.  Simulations  with  the  parameters  of  the  Set  1  and  Set  2 
were,  accordingly,  aimed  at  different  objectives. 

For  the  Set  1,  the  main  goal  was  in  studying  amplification  (gain  and  bandwidth)  with  the 
geometry  of  the  electron  diode  close  to  that  of  real  model  experiments  on  beam  transport  (see 
below)  and  possible  future  proof-of-principle  experiments.  Also  important,  in  the  light  of 
experiments,  was  to  get  an  idea  about  the  value  of  electric  field  along  the  dielectric  rod 
surface  inside  the  annular  electron  beam.  The  configuration  of  the  simulation  space  is 
presented  in  Fig.9. 

The  boundary  in  radial  direction  is  formed  by  the  conducting  anode  (30  mm  radius)  and 
drift  tube  (20  mm  radius)  with  the  tapered  buffer  section  of  26  mm  length  in  between.  Inside 
the  cathode  of  the  coaxial  diode,  the  dielectric  rod  (6  mm  radius,  s-  5)  is  inserted.  At  the  left 
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boundary,  two  ports  are  set:  outer  (with  respect  to  the  conducting  cathode)  for  a  voltage 
applied,  and  inner  for  a  microwave  input.  The  right  boundary  was  set  as  FREESPACE.  The 
EMISSION  EXPLOSIVE  command  was  used  to  set  particles  emission.  The  emitting  edge  of 

the  cathode  is  of  1  mm  thickness 
and  10  mm  mean  radius;  its  axial 
coordinate  was  6  cm  in  all 
simulations.  Tapered  region 
inside  the  cathode  is  the  same  as 
used  in  our  model  experiments; 
the  rest  of  cathode  geometry  is 
simplified.  The  voltage  set  at  the 
left  boundary  was  adjusted  in 
such  a  way  that  electrons  Lorentz 
factor  in  the  drift  tube  was  close 
to  y  =  1.4  providing  the  beam 
current  of  1.0-1. 3  kA.  Thus,  the 
parameters  were  close  to  those  of 
the  Set  1.  The  beam  was  guided 
by  a  strong  preset  magnetic  field  (3.0  T),  so  that  the  interaction  region  length  was  determined 
by  the  length  of  this  preset  field.  As  seen  from  Fig.9,  this  length  is  ~25  cm.  The  input  X-band 
signal  was  injected  from  the  left  into  the  waveguide  of  6  mm  radius  totally  filled  with  the 
dielectric  in  its  fundamental  TEn  mode,  which  excited  (being  very  similar  in  field  pattern)  the 
HEii  mode  of  the  dielectric  rod.  The  signal  was  linearly  polarized,  i.e.,  the  TEn  mode  field 
pattern  was  fixed  in  time  keeping  purely  radial  electric  component  along  the  horizontal  line 
(azimuthal  coordinate  cp=  0).  Typical  run  time  for  simulations  was  10.2  ns. 

Some  results  of  simulation  without  a  microwave  input  signal  are  presented  in  Figs.  10-12 
(for  this  case,  the  magnetic  field  length  and  entire  simulation  space  were  taken  10  cm  shorter). 
Fig.  10  shows  the  diode  voltage  level  providing  the  required  level  of  beam  current.  Electrons 
energies  are  plotted  in  Fig.  11  (left).  It  is  seen  that  at  the  acceleration  stage  (the  region  from 
the  cathode  to  the  drift  tube),  the  beam  acquires  a  significant  energy  spread  determined  both 
by  its  finite  thickness  and  explosive  emission  process.  As  expected,  the  phase  space  plot 
exhibits  uniformity  beginning  from  the  place  located  downstream  of  the  entrance  into  the  drift 
tube,  at  about  the  drift  tube  diameter.  These  factors  influence  on  the  amplifier  efficiency. 


Time  10.200  ns:  PHASESPACE  for  all  particles 
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Fig.9.  System  geometry  and  beam  axial  cross-section. 


FIELD_INTEGRAL  E.DL  at  CATHODE_INPUT_LINE  COLLECTED  ELECTRON  CURRENT  on  TUBE 


Fig.  10.  Diode  voltage  (left)  and  electron  beam  current  collected  on  the  drift  tube  (right  plot).  No  RF  input. 


The  right  plot  of  Fig.  11  shows  the  value  of  axial  electric  field  component  at  the  rod 
surface  under  the  beam.  It  is  practically  absent  in  the  region  of  beam  phase  space  plot 
uniformity,  since  the  dc  space  charge  field  inside  a  uniform  annular  beam  is  zero.  Ez  is  non¬ 
zero  in  the  region  of  acceleration  and  beam  dump,  and  its  actual  values  are  important  as  this 
field  may  cause  the  surface  breakdown  along  the  rod.  At  the  place  of  beam  dump,  as  seen 
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from  the  plot,  E~_  -  15-16  kV/cm  that  seems  more  or  less  acceptable.  Its  maximum  value  falls 
to  ~3  mm  downstream  of  the  cathode  edge  location  and  exceeds  60  kV/cm.  This  is  much 
higher  than  the  field  in  the  region  corresponding  to  the  location  of  tapered  buffer  section,  in 
which  the  breakdown  was  observed  in  our  experiments.  However,  any  breakdown  traces  on 
the  rod  under  the  cathode  edge  were  not  observed;  this  discrepancy  remains  unclear. 


Time  10.200  ns:  PHASES PACE  for  all  particles 
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Fig.l  1.  Beam  phase  portrait  (left)  and  E.  field  at  the  rod  radius  and  <p  =  0  vs.  z  coordinate  (right).  No  RF  input. 


The  radiation  downstream  of  the  rod  produced  in  case  of  no  RF  input  signal  represents 
the  beam  noise  as  seen  from  Fig.  12.  The  peak  of  ~60  kW  in  the  power  time  dependence 
corresponds  to  the  moment  of  the  beam  head  reaches  the  dump  place.  After  that,  the  power 
falls  down  to  several  kilowatts.  The  spectrum  is  noisy,  nevertheless,  the  maximum  falls  to  the 
X-band  as  expected. 
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Fig.  12.  Output  power  (left)  and  FFT  for  radial  electric  field  (right)  at  8  cm  behind  the  rod.  No  RF  input. 


When  the  input  microwave  signal  of  proper  frequency  enters  the  inner  port  at  the  left 
boundary,  electron  beam  bunching  is  observed,  and  amplification  takes  place.  Simulations 
performed  at  different  frequencies  have  shown  the  maximum  gain  at  9.3  GHz.  In  Figs.  13-1 6, 
some  results  of  the  simulation  at  9.3  GHz  are  presented.  Beam  bunching  is  clearly  expressed 
in  Fig.  13.  The  input  power  plotted  at  the  right  is  obtained  by  integrating  Poynting  flux  over 
the  inner  waveguide  cross-section.  Some  decrease  in  the  observed  power  near  the  input 
appears  due  to  reflection  from  the  rod  end,  since  the  dielectric  constant  is  sufficiently  high, 
and  no  matching  was  set.  The  gain  is  seen  from  Fig.  14,  where  the  output  power  obtained  by 
integrating  Poynting  flux  over  the  drift  tube  cross-section  downstream  of  the  beam  dump 
location  is  plotted.  Also,  one  can  see  here  the  difference  in  power  before  and  behind  the  rod 
end  caused  by  reflection.  For  gain  estimations,  we  will  use  the  power  obtained  in  the  cross- 
section  including  dielectric,  upstream  of  its  end,  because  in  the  real  antenna-amplifier 
geometry,  dielectric  extends  out  of  vacuum  space.  Thus,  comparing  the  output  power  in  the 
left  plot  of  Fig.  14  (its  maximum  value  exceeds  10  MW)  to  the  input  power  of  -210  kW 
(Fig.  13),  one  can  conclude  that  maximum  gain  at  the  given  beam  length  for  the  frequency  of 
9.3  GHz  reaches  -17  dB. 
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Time  10.200  ns:  PHASESPACE  for  all  particles 
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Fig.  13.  Beam  phase  portrait  in  case  of  9.3  GHz  RF  input.  The  input  power  in  the  inner  waveguide  (at  1  cm  from 
the  port)  is  shown  at  the  right  plot. 
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Fig.  14.  Output  power  vs.  time  in  case  of  9.3  GHz  RF  ii 
rod  end  (left)  and  at  8  cm  behind  the  rod  end  (right). 
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The  observation  cross-sections  are  at  1  cm  before  the 


The  radiation  spectrum  at  the  output  is  presented  in  Fig.  15  as  the  FFT  of  the  radial 
electric  field  time  behavior  for  two  points  of  different  azimuthal  positions,  one  corresponding 
to  the  input  wave  polarization  and  another  one,  at  which  the  input  wave  has  zero  Er 
component.  It  is  seen  that  the  peak  corresponding  to  the  drive  frequency  is  much  higher  at  the 
left  plot;  also,  the  rest  of  spectrum  at  the  azimuth  cp  =  90°  is  noisy  whereas  at  (p  =  0,  frequency 
harmonics  are  clearly  expressed.  Evidently,  the  peak  at  the  drive  frequency  in  the  point, 
where,  for  the  HEu  mode  having  the  polarization  of  the  input  signal,  E:  =  0  is  associated  with 
non-synchronous  space  charge  oscillations.  This  is  very  well  seen  from  the  comparison  of  the 
plots  showing  E-  component  profiles  along  the  rod  for  these  two  azimuths,  which  are  given  in 
Fig.  1 6.  The  field  profile  at  cp  =  90°  is  similar  to  that  obtained  without  RF  input  (Fig.  11), 
whereas  the  profile  at  cp  =  0  associated  with  the  amplified  RF  signal  is  extremely  different. 
This  field  is  even  higher  than  the  field  under  the  cathode  edge;  in  practice,  though,  breakdown 
along  the  rod  at  the  device  output  can  be  eliminated  at  short  enough  RF  drive  pulse  duration. 
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Fig.  15.  Output  radiation  spectrum  (9.3  GHz  RF  input).  The  observation  points  are  at  the  rod  radius,  1  cm 
upstream  of  the  rod  end,  and  azimuths:  cp  =  0  (left)  and  cp  =  90°  (right). 
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Fig.  1 6.  Ez  field  at  the  rod  radius  vs.  z  coordinate  for  q>  =  0  (left)  and  (p  =  90°  (right).  9.3  GHz  RF  input. 


In  Figs.  17-19,  the  results  are  shown  illustrating  the  dependence  of  the  output  microwave 
power  in  the  linear  regime  on  the  input  signal  frequency.  The  amplitude  of  the  input  signal 
was  fixed,  so  that  the  input  power  was  of  ~210  kW  in  these  simulations.  Comparing  plots  in 
Fig.  17  with  the  left  plot  of  Fig.14,  one  can  conclude  that  the  center  of  the  amplification  band 
falls  to  the  frequency  of  ~9.3  GHz.  The  simulation  at  10.0  GHz  already  exhibits,  in  fact,  no 
gain  and  bunching  as  one  can  see  from  Fig.  18,  especially,  in  comparison  with  the  left  plot  of 
Fig.  13.  At  the  lower  frequency  of  8.6  GHz,  which  is  symmetrically  distanced,  the  gain  and 
bunching  are,  nevertheless,  still  observed.  From  Fig.  19,  one  can  estimate  that  the  gain  is  as 
low  as  ~1 1  dB  in  this  case. 
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Fig.  17.  Output  power  (before  the  rod  end)  for  9.2  GHz  (left)  and  9.38  GHz  (right)  input  frequency.  Other 
parameters  are  the  same  as  in  Figs.  13- 16. 
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Fig.  18.  Beam  phase  portrait  (left)  and  output  power  (right)  in  case  of  10.0  GHz  input  frequency.  Other 
parameters  are  the  same  as  in  Figs. 13-16. 


In  the  whole,  one  can  conclude  about  the  gain  vs.  frequency  dependence  that  the 
maximum  gain  value  is  in  good  agreement  with  the  linear  theory,  whereas  the  bandwidth 
turns  out  wider  and  shifted  toward  lower  frequencies. 
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Fig.  19.  The  same  as  in  Fig.  18  except  for  8.6  GHz  input  frequency. 
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Fig.20.  Output  power  (right  plots)  vs.  input  power  (left  plots)  -  nonlinear  saturation.  The  frequency  is  9.38  GHz. 


In  Fig.20,  the  simulations  results  showing  the  dependence  of  the  output  power  on  the 
input  signal  power  are  presented.  Comparing  the  right  top  plot  with  the  right  plot  of  Fig.  17 
(for  which  the  input  power  is  twice  higher),  one  can  see  the  linear  amplifier  response  at  these 
input  power  levels.  Deviation  from  linearity  begins  when  the  input  power  exceeds  -250  kW 
level;  the  output  power,  correspondingly,  exceeds  -10  MW  level.  This  is  seen  from  the 
middle  plots  of  Fig.20.  For  the  bottom  plots,  the  saturation  manifests  more  than  clear  -  the 
input  power  here  is  8  times  higher  than  for  the  top  plots,  however,  the  output  power  increases 
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only  -4  times.  In  this  case,  the  output  power  is  close  to  the  maximum  at  -20  MW  level.  That 
means  the  efficiency  of  the  device  reaches  -10%.  This  is  much  lower  than  -30%  obtained 
from  1-D  simulations.  The  main  reason  for  that  is  probably  in  the  fact  that  the  1-D  multimode 
theory  does  not  take  into  account  the  non-synchronous  fields  of  the  ac  space  charge;  also 
important  is  the  abovementioned  energy  spread  acquired  by  beam  electrons  at  the  stage  of 
acceleration  seen  in  3-D  simulations.  Also,  it  should  be  noted  that  the  harmonics  level  in  case 
of  maximum  output  power  does  not  increase  compared  to  that  presented  in  Fig.  15,  i.e.,  it  is 
even  lower  than  obtained  in  1-D  simulations  for  the  Set  1  demonstrating  the  dominance  of  the 
main  frequency. 

We  have  also  investigated  the  influence  of  the  dielectric  rod  tapering  downstream  of  the 
beam  dump  place  that  eliminates  reflections  from  the  rod  end.  In  addition,  we  placed  the 
dielectric  window  across  the  simulation  space  upstream  of  rod  tapering  to  simulate,  in  some 
sense,  the  real  geometry  of  the  antenna-amplifier  device.  The  simulation  geometry  in  this  case 
is  shown  in  Fig.21.  The  window  of  4  mm  thickness  and  s  =  2.25  was  taken.  It  is  seen  from 
Fig.21  that  the  RF  power  at  the  input  does  not  change  with  time,  so  that  a  reflected  wave  is 
absent,  indeed  (compare  to  the  left  middle  plot  of  Fig.20,  where  simulation  parameters  are  the 
same).  This  improves  the  gain,  though,  not  significantly;  the  output  power  obtained  at  the 
same  cross-section  downstream  of  the  beam  dump  as  that  in  the  right  middle  plot  of  Fig.20 
increases  only  by  -1  MW.  The  window  practically  does  not  affect  the  results  of  simulations. 
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Fig.21.  Geometry  with  matching  and  window  (left)  and  power  in  the  inner  waveguide  at  1  cm  from  the  input 
port  (right).  The  frequency  is  9.38  GHz. 
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Fig.22.  Quasi-planar  diode  geometry  (left)  and  Ez  field  at  the  rod  radius  and  cp  =  0  vs.  z  coordinate.  No  RF  input. 


At  last,  we  have  carried  out  the  simulations  with  the  diode  geometry  modified  in  the  light 
of  our  experimental  results  showing  that  at  the  rod  surface,  breakdown  occurs  in  the  place 
located  under  the  tapered  buffer  section.  We  tried,  in  fact,  a  quasi-planar  geometry  shown  in 
Fig.22,  where  the  cathode  edge  is  much  closer  to  the  drift  tube,  instead  of  the  coaxial  diode. 
The  outer  radius  was  adjusted  in  the  way  providing  the  same  beam  current  as  presented  in 
Fig.  10.  Comparing  the  E~_  field  profile  along  the  rod  surface  obtained  with  no  RF  input  signal, 
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which  is  shown  in  Fig.22,  to  that  of  Fig.  11,  one  can  see  that  the  length  of  field  drop  after  the 
peak  it  reaches  under  the  cathode  edge  is  considerably  reduced.  This  may  eliminate  the 
surface  breakdown.  Simulations  with  the  RF  signal  at  the  inner  input  port  have  given,  in  fact, 
the  same  results  for  the  device  gain.  In  comparison  with  the  geometry  of  Fig.9,  the  length  of 
electrons  acceleration  region  is  almost  twice  reduced.  Hence,  their  interaction  with  the  RF 
drive  at  this  stage  is  usefulness,  but  not  harmful. 

Summarizing  all  results  presented  above,  we  conclude  that  the  simulations  performed  for 
the  parameters  of  Set  1  has  allowed  for  planning  future  experiments  on  the  gain 
demonstration.  The  amplification  band  found  coincides  with  the  frequency  range  of  the 
available  magnetron  to  be  employed  for  microwave  drive  pulse  production,  and  the  output 
power  level  of  10-20  MW  can  be  expected. 

For  the  Set  2,  the  main  goal  was  in  verification  of  the  new  feature  of  the  device  found  in 
1-D  simulations;  therefore,  idealized  geometries  and  simplifying  conditions  were  assumed. 
Initially,  we  used  the  EMISSION  BEAM  command  as  the  simplest  model  of  electrons 
emission.  Later,  we  gave  up  this  simplification  and  employed  the  EMISSION  EXPLOSIVE 
command  to  simulate  conditions  in  the  electron  diode  and  compare  obtained  results.  In  both 
cases,  all  conducting  surfaces  of  cathode,  anode,  and  drift  tube  were  taken  conformal  in  the 
cylindrical  coordinate  system.  The  geometries  are  shown  in  Fig.23. 


ti»e  10.200  Its:  ERASE  SPACE  for  all  part  idea 


0  12  14 

*  (a) 


Fig.23.  System  geometries  in  simulations  with  the  parameters  of  Set  2  using  EMISSION  BEAM  command  (left) 
and  EMISSION  EXPLOSIVE  command  (right). 

The  configuration  presented  in  the  right  plot  is,  in  fact,  similar  to  that  of  Fig.9.  The  drift 
tube  is  of  the  same  20  mm  radius.  The  inner  waveguide  (and  dielectric  rod)  radius  is  10  mm, 
the  dielectric  constant  e  =  2.25.  The  emitting  cathode  edge  is  of  12  mm  mean  radius;  its 
thickness  and  axial  position  are  the  same  as  in  simulations  for  the  Set  1 .  The  diode  geometry 
and  input  voltage  in  the  case  of  explosive  emission  were  adjusted  in  the  way  providing  the 
beam  current  and  electrons  energy  (at  the  beginning  of  interaction)  close  to  those  of 
simulations  using  EMISSION  BEAM  command.  In  its  turn,  the  system,  for  which  the 
EMISSION  BEAM  command  was  used,  has  the  same  drift  tube,  cathode,  and  rod  geometry, 
and  the  beam  voltage  of  500  kV  provides  y»  1.8  for  particles  Lorentz  factor  and  the  current 
level  close  to  that  of  the  Set  2.  The  outer  part  of  the  simulation  space  left  boundary  (at  the  left 
plot  of  Fig.23)  was  set  as  the  right  boundary,  FREESPACE. 

In  the  course  of  simulations,  the  gain  and  electron  beam  bunching  in  non-axisymmetric 
microwave  fields  have  been  demonstrated,  the  effect  of  drive  signal  frequency  multiplication 
has  been  verified,  and  the  possibilities  to  control  harmonics  content  in  the  output  signal 
spectrum  have  been  confirmed.  The  possibility  connected  with  the  input  frequency  variation 
is  illustrated  in  Fig.24  for  the  simplest  case  of  EMISSION  BEAM  command.  It  is  seen  that 
changing  the  input  frequency  results  in  the  second  harmonic  decreasing  by  almost  10  dB  and 
the  third  harmonic  increasing.  At  the  same  time,  the  output  power  remains  unchanged  at  the 
level  of  ~60  MW;  it  is  the  nonlinear  regime  with  the  efficiency  of  ~15%.  This  result  agrees 
satisfactorily  with  that  obtained  in  1-D  simulations,  because  of  the  simplified  model  of 
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emission,  which  gives  a  small  energy  spread,  and  probably,  less  influence  of  the  ac  space 
charge  fields  compared  to  the  case  of  Set  1  parameters.  It  should  be  noted  also  that  in  1-D 
simulations  only  the  2nd  and  3rd  harmonics  were  taken  into  account,  whereas  in  3-D  full-scale 
PIC  simulations,  one  can  see  in  the  spectrum  as  many  as  six  harmonics  dominating  over  the 
noise. 


Fig.24.  Output  power  vs.  time  (left  plots)  and  FFT  for  radial  electric  field  component  at  (p  =  0  (right  plots).  The 
interaction  space  length  is  increased  by  10  cm  compared  to  Fig.23  (30  cm  from  beam  emitter  to  dump  place). 
The  input  power  is  ~0.9  MW.  The  frequency  is:  9.38  GHz  (top)  and  10.3  GHz  (bottom). 


As  to  the  influence  of  real  conditions  of  electron  emission  in  the  coaxial  diode,  the  key 
illustration  is  in  Fig.25,  where  phase  portraits  demonstrating  beam  bunching  are  shown.  Since 
a  certain  distance  is  required  for  particles  acceleration  up  to  the  needed  energy,  a  longer 
dielectric  rod  should  be  employed  in  the  configuration  using  the  model  of  explosive  emission 
to  achieve  a  similar  level  of  bunching  that  is  seen  from  the  comparison  of  the  left  and  right 
plots.  The  beam  energy  spread  appears  now  at  the  stage  of  acceleration  due  to  both  the 
emission  model  and  the  influence  of  the  RF  drive  signal  (the  latter  is  because  the  mentioned 
distance  is  longer  than  that  required  for  the  parameters  of  Set  1). 


Fig.25.  Particles  Lorentz  factor  vs.  axial  coordinate  for  different  models  of  emission:  EMISSION  BEAM 
command  (left)  and  EMISSION  EXPLOSIVE  command  (right), 
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This  energy  spread  significantly  influences  on  both  the  gain  for  the  main  frequency  and 
the  level  of  harmonics  generation.  The  power  and  spectrum  of  the  output  signal  obtained  in 
simulations  with  the  EMISSION  EXPLOSIVE  command  are  presented  in  Fig.26.  Taking  into 
account  the  distance  between  the  cathode  and  entrance  into  the  drift  tube,  the  length  of  the 
interaction  region  is  here  close  to  that  in  simulations  with  the  EMISSION  BEAM  command; 
nevertheless,  the  output  power  level  of  only  ~30  MW  is  achieved,  i.e.,  twice  lower  than  that 
computed  with  the  simplified  model  of  emission.  In  the  spectrum,  the  noise  level  is 
considerably  higher  compared  to  the  right  top  plot  of  Fig.24,  and  in  fact,  only  the  2nd 
harmonic  dominates  over  the  noise. 


Fig.26.  The  same  as  in  Fig.24  (top)  for  the  system  using  the  EMISSION  EXPLOSIVE  command  in  simulations 
and  at  the  interaction  space  length  increased  by  15  cm  compared  to  Fig.23. 

One  can  finally  conclude  about  the  3-D  MAGIC  simulations  carried  out  with  the 
parameters  of  the  Set  2  that  the  effect  of  significant  harmonics  growth  and  the  possibility  of 
controlling  harmonics  content  in  the  output  spectrum  found  in  the  1-D  simulations  have  been 
confirmed.  At  the  same  time,  further  detailed  investigations  are  necessary  before  designing 
experiments  on  the  antenna-amplifier  device  realizing  the  tuning  schemes  discussed  in  the 
previous  section. 

c)  Linear  theory  for  conducting,  disc-loaded  rod 

The  investigation  of  Cherenkov  interaction  for  the  case  of  annular  beam  in  the  waveguide 
with  an  inner  periodic  conducting  slow-wave  structure  is  of  interest  from  the  standpoint  of 
comparison  of  achievable  gain  and  bandwidth  values  with  the  case  of  an  inner  dielectric  rod. 
Its  aim  is  to  make  clear  whether  conducting  surface  wave  antenna  could  be  preferable  for  the 
antenna-amplifier  device  to  be  based  on,  since  in  the  absence  of  dielectric,  there  are  no 
problems  connected  with  the  near-surface  plasma  formation. 

In  this  section,  the  linear  theory  is  developed  for  the  case  of  a  disc-loaded  rod  antenna  in 
a  circular  waveguide.  Like  a  dielectric  rod  antenna,  the  disc-loaded  conducting  rod  represents 
the  well-developed  kind  of  surface  wave  antennas  [7].  The  important  difference  is  in  the  fact 
that  for  the  system  with  the  dielectric  rod,  the  lowest,  dipole  HEn  mode  is  very  well  separated 
from  other  modes  in  frequency  corresponding  to  a  given  phase  velocity  [8].  The  system  with 
the  conducting  rod,  as  a  coaxial  system,  supports  propagation  of  the  axisymmetric  quasi-TEM 
mode,  which  has  no  cut-off  frequency  like  the  TEM-mode  of  coaxial  waveguide,  but  has  an 
axial  electric  field  component  and  a  slight  dispersion  of  slowed  down  phase  velocity.  This 
mode  will  be  fundamental  in  the  Cherenkov  interaction  with  the  electron  beam;  however,  the 
non-axisymmetric  HEn  mode  of  this  system  may  have  close  frequencies  of  velocity 
synchronism  that  may  lead  to  a  strong  mode  competition. 

The  consideration  below  is  carried  out  using  the  simplified  model  of  infinitely  small 
period  of  the  system,  i.e.,  not  taking  the  space  harmonics  into  account  (one-wave 
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approximation).  Under  this  assumption,  non-axisymmetric  modes  having  all  six  RF  field 
components  cannot  be  considered  because  for  them,  the  axial  magnetic  field  cannot  be 
constant  between  the  discs  due  to  the  boundary  conditions  at  the  disc  surface.  Therefore  the 
initial  consideration  is  limited  by  the  case  of  azimuthal  symmetry. 

The  geometry  of  the  system 
is  depicted  in  Fig. 27*.  The  hollow 
electron  beam  is  shown  by  the 
dashed  line.  It  is  assumed  to  be 
infinitely  thin,  fully  magnetized, 
and  monoenergetic. 

In  one-wave  approximation, 
the  RF  fields  in  the  region 
between  two  neighbor  discs  do 
not  depend  on  the  axial 
coordinate.  Taking  this  into 
account,  one  can  find  from  the  wave  equation  the  following  solutions  for  the  axial  electric 
field  component  as  a  function  of  the  radial  coordinate  r: 
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Fig.27.  Axial  cross-section  of  the  structure. 
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Here,  k  =  co  /c,  q2  =  h2  -  k2,  co  and  h  are  the  circular  frequency  and  axial  wavenumber,  c 
is  the  speed  of  light,  Eo  and  Eb  are  the  field  values  at  the  radii  of  the  disc  edges  and  beam, 
respectively,  and  functions  F  and  <E>  are  defined  as: 


Fix,  y )  =  J0  (x)Y0  (y)  -  J0  (y)70  (x) ,  ®(x,  y)  =  70  (x)K0  (y)  - 10  ( y)K0  (x) , 


where  Jo,  70  are  Bessel  functions,  and  70,  Xo  are  modified  Bessel  functions  of  zero  order. 

These  solutions  are  matched  using  the  condition  of  the  continuity  of  field  component 
at  the  radius  of  the  disc  edges  and  the  condition  for  the  derivative  jump  at  r  -  rb  obtained  from 
the  linearized  fluid  equations  for  the  beam  [8] 

[dE^  2  el  q2  Eb 

1  dr  Jf=rt  y9y3wc3  ( k-fih )2  rb  ’ 


where  I  is  the  beam  current,  /?  is  its  normalized  velocity,  y  is  the  Lorentz  factor,  m  and  e  are 
the  electron  rest  mass  and  charge. 

Simple  but  tedious  formula  manipulations  finally  yield  the  dispersion  relation  of  the 
system: 
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where 

F'(x, y )  =  J0  (x)Y'(y)  -  J'  (y)Y0  (x) ,  0’(x, y)  =  I0 (x)K'0  (y)  -  F0  ( y)K0  (x)  . 


*  It  is  interesting  to  note  that  the  structure  under  consideration  here  was  employed  in  the  very  first,  pioneer 
experiment  on  high-power  microwave  generation  [14]. 
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The  results  of  the  numerical  investigations  of  this  dispersion  relation  are  presented  in 
Fig.28.  Achievable  values  of  gain  and  bandwidth  in  the  quasi-TEM  operating  mode  are  well 
illustrated  in  comparison  with  those  achievable  in  the  structure  with  the  dielectric  rod  in  its 
lowest  HEn  mode.  The  results  of  growth  rate  calculations  plotted  in  Fig.28  were  obtained  for 
the  same  electron  beam  and  the  same  radii  of  disc  edges  (for  disc-loaded  rod)  and  dielectric 
surface  (for  dielectric  rod);  the  depth  of  grooves  in  the  disc-loaded  rod  was  varied. 

For  the  left  plot  of  Fig.28,  the  parameters  of  the  beam  and  rod  (dlb  =  0.3)  correspond  to 
the  case  of  the  HEn  mode  domination  in  the  instability  spectrum  presented  in  [8]  for  the 
system  with  the  dielectric,  i.e.,  to  the  Set  1  defined  above.  For  the  curve  1  in  this  plot,  the 
depth  of  grooves  is  such  that  the  peak  gain  frequencies  in  the  cases  of  disc-loaded  rod  and 
dielectric  rod  (dashed  curve)  are  very  close.  It  is  seen  that  for  the  disc-loaded  rod,  the  gain  is 
much  higher  and  the  amplification  band  is  significantly  wider  than  for  the  dielectric  rod  at  all 
other  parameters  fixed.  As  the  depth  of  grooves  reduces  (curve  2),  the  amplification  band 
shifts  to  higher  frequency,  the  relative  bandwidth  becomes  narrower,  and  the  peak  gain 
decreases. 


Fig.28.  Spatial  growth  rates  vs.  frequency  for  the  thin  hollow  beam  propagating  between  the  disc-loaded  rod  and 
circular  waveguide  (solid  curves)  in  comparison  with  growth  rates  of  the  HEn  mode  of  the  system  with  the 
dielectric  rod  (dashed  curves).  For  the  left  plot,  y=1.4,  /  =  1  kA,  rb/b  =  0.5,  d/b  =  0.3,  a/b  =:  1  -  0.15,  2  -  0.17, 
dielectric  rod  has  the  same  radius  d/b  =  0.3  and  e  =5.  For  the  right  plot,  y  =  1.8,  /=  1.7  kA,  rb/b  =  0.6,  d/b  =  0.5, 
a/b  =:  1  -  0.375,  2  -  0.4,  dielectric  rod  has  the  same  radius  d/b  -  0.5  and  £=2.25. 

The  fact  that  much  higher  gains  are  achievable  for  the  disc-loaded  rod  is  naturally 
explained  by  stronger  beam  coupling  to  the  synchronous  mode  at  a  given  distance  between 
the  beam  and  rod  surface.  Indeed,  the  quasi-TEM  mode  is  the  mode  of  pure  TM-type, 
whereas  the  HEn  mode  of  the  structure  with  the  dielectric  rod  is  the  hybrid  mode  originated 
from  the  TEu  mode  of  a  circular  waveguide,  which  has  no  axial  electric  field  component; 
hence,  the  coupling  impedance  of  the  HEn  mode  cannot  be  as  high  as  that  of  the  quasi-TEM 
mode.  The  wider  bandwidth  achievable  with  the  disc-loaded  rod  can  be  explained  by  a 
significantly  weaker  dispersion  of  the  quasi-TEM  mode  in  comparison  with  the  HEi  i  mode  of 
the  system  with  the  dielectric  rod.  Indeed,  the  quasi-TEM  mode  has  no  cut-off  frequency,  and 
its  phase  velocity  is  always  subluminal  that  is  not  the  case  with  the  HEn  mode. 

For  the  dashed  curve  at  the  left  plot  of  Fig.28,  the  dielectric  constant  is  rather  large  (£=5) 
that  contributes  into  stronger  dispersion.  In  the  right  plot,  the  comparison  is  made  for  the 
parameters  corresponding  to  the  Set  2,  which  give  no  prevalence  for  the  HEn  mode  of  the 
dielectric-loaded  structure  in  the  instability  spectrum.  In  this  case,  the  dielectric  constant  is 
smaller,  and  it  is  seen  that  the  bandwidths  corresponding  to  the  dashed  and  solid  curves  are  of 
the  same  order.  However,  the  peak  gain  remains  higher  for  the  case  of  disc-loaded  rod  in  the 
same  degree  as  for  the  parameters  of  the  left  plot. 
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It  should  be  noted  that,  in  difference  of  the  left  plot  of  Fig.28,  reducing  the  depth  of 
grooves  at  the  parameters  of  the  right  plot  does  not  result  in  decreasing  peak  gain,  but  on  the 
contrary,  the  peak  gain  increases.  This  is  due  to  higher  beam  energy  and  shorter  beam-rod  gap 
keeping  the  beam  within  the  scale  of  evanescence  of  the  surface  wave  even  at  the  reduced 
wavelength  corresponding  to  the  velocity  synchronism. 

As  is  seen  from  the  comparison  presented  above,  the  achievable  gain  in  the  quasi-TEM 
mode  of  the  structure  comprising  the  disc-loaded  rod  antenna  and  outer  circular  waveguide  is 
much  higher  than  in  the  HEn  mode  of  the  waveguide  with  the  dielectric  rod.  At  the 
waveguide  dimension  giving  the  X-band  operating  frequency,  the  gain  per  unit  length  reaches 
~3  dB/cm.  In  addition,  the  bandwidth  for  the  disc-loaded  rod  can  be  considerably  wider  under 
certain  parameters.  That  means  one  could  employ  the  conducting  surface  wave  antenna  to 
realize  the  concept  of  hybrid  antenna-amplifier  device. 

Nevertheless,  there  are  significant  difficulties  connected  with  the  problem  of  the 
microwave  drive  signal  input  in  the  case  of  conducting  rod  antenna.  As  was  said  in  the 
introduction,  the  key  feature  of  the  antenna-amplifier  concept  making  the  device  compact  is 
that  a  rod  antenna  feed  waveguide  serves,  at  the  same  time,  as  a  hollow  cathode  holder  of  a 
diode  producing  a  relativistic  electron  beam.  Unlike  the  dielectric  rod,  the  conducting  rod 
should  not  be  in  contact  with  the  cathode;  otherwise  the  beam  is  not  able  to  drift  through  the 
interaction  space.  If  the  rod  were  distanced  from  the  cathode  (i.e.,  the  horn  of  antenna  feed 
waveguide),  it  would  result  in  reflection  losses  of  the  RF  drive  signal.  One  could  use  some 
insulating  supports  for  the  rod  inside  the  cathode  holder;  in  this  case,  there  is  a  problem  of 
possible  emission  from  its  inner  surface. 

Another  factor  contributing  to  the  problem  of  RF  drive  input  in  the  case  of  disc-loaded 
rod  antenna  is  the  excitation  of  the  non-axisymmetric  HEi  1  mode  of  this  system  mentioned 
above.  To  avoid  a  multi-mode  transmission  of  the  feed  signal,  it  is  more  natural  if  it 
propagates  in  the  TEu  mode  of  the  circular  feed  waveguide.  However,  if  the  HEn  mode  is 
operating,  the  competition  of  the  quasi-TEM  mode  can  be  very  significant. 

In  spite  of  these  difficulties,  a  solution  can  be  found  allowing  for  the  use  of  the 
conducting  rod  antenna  in  the  antenna-amplifier  device.  Though,  it  requires  additional 
investigations.  It  is  of  particular  importance  to  develop  the  linear  theory  taking  into  account 
the  space  harmonics  to  consider  the  Cherenkov  interaction  of  the  beam  with  non- 
axysimmetric  modes  of  the  structure  with  the  disc-loaded  rod. 

Thus,  one  can  conclude  from  the  above  consideration  and  discussion  that  the  decisive 
issue  with  regard  to  the  question  'which  kind  of  a  rod  antenna,  dielectric  or  conducting,  is 
preferable?'  is  anyway  the  model  experiments  on  annular  electron  beam  transport  with  the 
dielectric  rod  inside. 
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2.  Task  2.  Experimental  exploration  of  the  concept  of  antenna-amplifiers 

a)  LIA  module  design 

For  our  model  experiments  on  annular  electron  beam  transport  with  the  dielectric  rod 
inside  and  future  proof-of-principle  experiments  on  gain  demonstration  in  the  antenna- 
amplifier,  we  have  designed,  mounted,  and  launched  the  LIA  module  appropriate  for  the 
device.  We  have  taken  the  abovementioned  parameters  of  the  Set  1  as  input  for  the  LIA 
design,  i.e.,  the  voltage  of  260-290  kV  and  current  of  1.0-1. 3  kA  (this  gives  the  electrons 
Lorentz  factor  y»  1.4). 

Compact  LIAs  in  the  Nuclear  Physics  Institute  at  Tomsk  Polytechnic  University  are 
developed  since  the  beginning  of  the  80s  on  the  base  of  the  original  components:  low- 
impedance  strip  pulse-forming  lines  and  multi-channel  spark  gaps  with  forced  current 
division  into  channels  [15].  Significant  LIAs'  features  are  relatively  low  excitation  voltage  for 
one  inductor  and  high  efficiency  of  electrical  energy  transformation  into  relativistic  electron 
beam  energy. 

The  traditional  scheme  of  the  LIA  providing  its  compactness  employs  the  multi-channel 
spark  gap  for  switching  the  strip  forming  lines  wound  around  the  induction  system  to 
discharge  them  through  the  turns  surrounding  the  induction  cores.  The  scheme  modified  to 
incorporate  the  elements  of  the  antenna-amplifier  is  shown  in  Fig.29. 


Fig.29.  Schematic  of  the  LIA  module  for  the  antenna-amplifier.  S0  -  multi-channel  spark  gap;  1,2  -  flanges  of 
induction  system;  3  -  hollow  high-voltage  electrode;  4  -  ferromagnetic  cores;  5  -  magnetization  turns;  6  -  studs; 
7  -  insulator;  8  -  high-voltage  flange;  9  -  cathode  holder;  10  -  anode  of  coaxial  diode. 

The  induction  system  consists  of  seven  ferromagnetic  toroidal  cores  4  pressed  together  by 
twelve  studs  6  between  the  flanges  1  and  2.  The  studs,  along  with  the  central  high-voltage 
electrode  3,  form  the  turn,  on  which  the  electromotive  forces  of  excitation  of  all  the  cores  are 
added.  The  magnetization  turns  5  surrounding  the  cores  are  connected  to  the  electrodes  of  six 
double  pulse-forming  lines  (PFLs)  connected  in  parallel.  Strip  PFLs'  electrodes  are  wound 
around  the  cores  along  a  spiral  of  Archimedes.  The  potential  electrodes  are  mounted  at  the 
common  arm  and  connected  to  the  anodes  of  multi-channel  spark  gap  So;  the  grounded 
electrodes  are  brazed  to  the  inner  surface  of  LIA  tank. 

The  electrodes  are  made  of  copper  foil;  the  insulation  material  is  syntoflex.  To  reduce  the 
electric  field  strength  at  the  edges  of  electrodes,  their  contours  are  coated  with  the  weakly 
conductive  layer,  which  bulk  resistance  (~106  Q  m)  is  104-105  times  less  than  that  of  line 
insulation.  The  strip  width  is  determined  by  the  amount  and  dimensions  of  the  induction 
cores;  the  length  determining  the  voltage  pulse  duration  is  connected  with  the  inner  and  outer 
diameters  of  winding  and  thickness  of  the  strip  and  insulation.  The  resulting  capacitance  of 
the  PFLs  determines  the  capacitance  of  a  primary  storage  to  be  used  to  charge  the  PFLs  in  a 
matched  regime. 
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The  accelerating  voltage  produced  in  the  LIA  is  applied  to  the  cathode  of  the  coaxial 
magnetically  insulated  diode.  For  the  cathode  diameter  of  20  mm  (Set  1),  the  diameter  of  the 
anode  10  is  60  mm  that  provides  the  required  level  of  the  diode  impedance  in  the  required 
voltage  range.  The  solid  high-voltage  flange  8  and  cathode  holder  9  shown  in  Fig.29  were 
used  in  the  experiments  on  beam  transport  (the  cathode  holder  was  just  made  hollow  in  the 
end  section  for  the  dielectric  rod  to  be  inserted).  For  the  future  proof-of-principle 
experiments,  the  entire  cathode  holder  is  made  hollow,  as  it  is  simultaneously  the  part  of  the 
microwave  transmission  system  for  an  external  X-band  signal.  This  system  is  incorporated 
inside  the  LIA  center  high-voltage  electrode  as  presented  in  Fig.30. 


Fig.30.  Microwave  transmission  system  inside  the  LIA  module  (schematic).  1  -  standard  rectangular  waveguide; 
2,3  -  waveguide  flanges;  4  -  vacuum  window;  5,6  -  fixing  nuts;  7  -  LIA  center  electrode;  8  -  seal;  9  -  end 
flange  of  LIA  tank;  10  -  support  for  LIA  pulsed  transformer;  11  -  buffer  section  (rectangular-to-circular 
waveguide  transformer);  1 2  -  LIA  high-voltage  flange;  1 3  -  rounded  screen;  1 4  -  cathode  holder;  1 5  -  cathode. 

It  is  seen  that  inside  the  LIA  center  electrode  7,  there  are  the  standard  X-band  rectangular 
waveguide  (23x10  mm)  1  and  the  buffer  section  11  representing  a  rectangular-to-circular 
waveguide  transformer.  At  the  external,  grounded  side,  the  flange  2  and  fixing  nut  5  provide 
the  contact  with  the  center  electrode  and  the  end  flange  of  LIA  tank  9.  The  flange  2  is 
connected  to  the  standard  ninety-degree  bend,  so  that  an  external  source  of  X-band  drive 
signal  is  placed  sideways  (this  is  not  shown  in  the  Figure).  At  the  opposite  end,  the  choke 
waveguide  flange  3  with  the  vacuum  window  4  is  fixed  by  means  of  the  coupling  nut  6  at  the 
buffer  section  11,  which  is,  in  its  turn,  fixed  at  the  LIA  high-voltage  flange  12  from  the 
vacuum  side.  The  cathode  holder  14  is  connected  to  the  buffer  section;  the  screen  13  shields 
these  bolted  joints.  The  inner  surface  of  the  cathode  holder  (and  cathode  15)  represents  a 
waveguide  transformer  to  the  end  waveguide  finally  exciting  the  HEn  mode  of  the  dielectric 
rod. 

The  multi-channel  spark  gap  of  the  LIA  must  switch  the  current  determined  by  the  PFLs 
charging  voltage  and  wave  impedance,  that  is  about  100  kA  in  our  case.  The  current  division 
into  channels  allows  avoiding  the  erosion  of  the  spark  gap  electrodes  in  the  repetitive 
operation  mode.  Assuming  the  limit  for  commutated  charge  in  one  channel  is  ~10 3  C,  one  can 
conclude  that  twelve  channels  would  provide  stable  spark  gap  operation  without  blowing.  The 
multi-channel  spark  gap  is  fixed  at  the  end  flange  of  LIA  tank,  and  spark  develops  with  the 
toroidal  dielectric  chamber  as  seen  in  Fig.29.  More  detailed  design  of  the  multi-channel  spark 
gap  is  shown  schematically  in  Fig.3 1 . 

Between  the  solid  electrodes  1,  2  connected  to  the  PFLs,  the  electrodes  4  are  located, 
which  are  the  anodes  of  spark  gap  channels.  They  are  surrounded  by  the  ferrite  cores  5  with 
the  common  short-circuited  winding  6  made  as  two  parallel  turns  to  reduce  the  inductance. 
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3  -  triggering  electrodes,  4  -  channel  anodes, 

5  -  ferrite  cores,  6  -  common  short-circuited  winding, 


The  triggering  electrodes  3  are  inserted 
into  the  spark  space.  The  synchronization 
of  channels  is  provided  both  by  forced 
current  division  (if  some  gap  is  broken 
down,  its  current  is  limited  by 
remagnetization  current  of  the  core  5,  and 
the  voltage  is  induced  that  charges 
additionally  the  gaps  still  not  initiated)  and 
by  controlling  the  discharge,  like  in  spark 
gaps  with  field  distortion,  adjusting 
elements  of  triggering  circuit. 

_0  Fig.3 1 .  Schematic  of  the  multi-channel  spark  gap. 

1  -  potential  electrode,  2  -  grounded  electrode, 

y  -  triggering  spark  gap,  PTR  -  pulsed  transformer. 


The  LIA  pulsed  transformer  PTR  charges  the  capacity  of  the  PFLs  and  forms  the  current 
to  demagnetize  the  cores  of  the  induction  system.  The  triggering  spark  gap  P  is  launched  by 
an  external  generator  that  allows  one  to  synchronize  the  LIA  with  an  external  source  of  the 
microwave  drive  signal.  Let  us  consider  the  problem  of  synchronization  in  a  bit  more  detail. 

It  is  assumed  that  in  the  future  proof-of-principle  experiments,  a  microwave  pulse 
compressor  will  be  employed  to  produce  an  antenna  feed  and  amplifier  RF  drive  signal  in 
order  to  have  its  pulse  length  less  than  a  beam  one.  Hence,  the  entire  experimental  installation 
includes  five  systems  to  be  triggered  and  contains  (i)  switch  to  turn  on  guiding  magnetic  field, 
(ii)  switch  of  LIA  primary  storage  charging  the  PFLs,  (iii)  switch  that  triggers  an  X-band 
pulsed  magnetron  oscillator  pumping  the  microwave  storage  cavity,  (iv)  LIA  triggering  spark 
gap  P  mentioned  above,  and  (v)  spark  gap  that  triggers  the  microwave  pulse  compressor.  This 
is  illustrated  in  Fig.32. 


Fig.32.  Time  scale  and  moments  of  launching  magnetic  field  solenoid  (t0),  LIA  pulsed  transformer  charging  the 
PFLs  (t,),  pulsed  magnetron  (t2),  LIA  triggering  spark  gap  (t3),  and  microwave  pulse  compressor  spark  gap  (t4). 

The  synchronization  is  realized  as  shown  in  the  functional  diagram  in  Fig.33.  The 
installation  is  launched  by  means  of  the  delayed-pulse  oscillator,  which  forms  two  output 
pulses:  one  for  discharging  the  capacitors  battery,  the  power  supply  for  the  guiding  magnetic 
field  solenoid,  and  another  one,  delayed  by  ~10  ms  (for  the  battery  we  used),  for  activating 
the  LIA  control  system.  As  a  result,  the  accelerator  is  fired  at  the  maximum  value  of  the 
guiding  field.  In  its  turn,  the  LIA  control  system  forms  three  output  pulses.  The  first  pulse 
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activates  the  thyristor  switch  of  the  LIA  power  supply  circuit,  so  that  the  L1A  primary  storage 
discharges  through  the  winding  of  pulsed  transformer,  and  the  PFLs  are  charged.  The  time  of 
PFLs  charging  is  ~60  ps,  and  the  typical  time  of  storing  microwave  energy  in  the  pulse 
compressor  cavity  is  ~1  ps.  Hence,  the  second  pulse  produced  by  the  LIA  control  system  is 
formed  with  59  ps  delay  and  launches  the  X-band  pulsed  magnetron.  Then,  after  1  ps  delay, 
the  LIA  control  system  generates  the  third  pulse.  This  pulse  serves  for  activating  both  the  LIA 
and  microwave  pulse  compressor  triggering  spark  gaps.  The  synchronization  between  the 
electron  beam  and  microwave  drive  pulses  is  achieved  using  a  cable  delay  line  of  proper 
length. 


CABLE  DELAY  LINE 


Fig.33.  Functional  diagram  of  the  antenna-amplifier  synchronization. 


In  order  to  estimate  the  required  delay  of  the  cable,  one  needs  to  take  into  account,  on  the 
one  hand,  the  actuation  delays  of  the  LIA  triggering  and  multi-channel  spark  gaps  and  the 
length  of  the  PFLs  and,  on  the  other  hand,  the  actuation  delay  of  the  compressor  spark  gap 
and  the  length  of  the  microwave  transmission  system  from  the  compressor  output  to  the  LIA 
cathode.  Finally,  the  moment  of  microwave  drive  pulse  entering  the  interaction  space  should 
fall  to  around  the  middle  of  the  LIA  voltage  pulse.  All  this  results  in  70-80  ns  estimated  delay, 


Fig.34.  LIA  power  supply  circuit.  T  -  ac  main 
transformer,  R  -  rectifier,  L  -  charging  inductance, 
CH  -  primary  storage,  Th  -  thyristor  switch, 

D  -  diode.  PTR  -  pulsed  transformer. 


i.e.,  reasonable  cable  length  (it  is  to  be 
adjusted  for  real  experiments  on  gain 
demonstration).  Typically,  the  LIA  jitter  is 
several  nanoseconds  (it  is  determined  by  the 
operation  of  multi-channel  spark  gap),  and 
typical  jitter  of  an  X-band  pulse  compressor 
is  also  <10  ns  [16];  therefore  one  can  expect 
reliable  synchronization  of  these  systems. 

The  power  supply  circuit  for  the  LIA 
module  is  presented  in  Fig.34.  It  consists  of 
the  capacitive  storage,  primary  switch,  and 
the  pulsed  transformer.  In  the  circuit  of 
storage  charging,  the  charging  choke,  ac 
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transformer,  and  rectifier  are  used.  For  the  repetition  rate  of  50  pps,  the  estimated  main  power 
consumption  for  the  LIA  module  turns  out  to  be  ~2.5  kW.  As  the  power  consumption  is  not 


high,  the  power  supply  circuit  can  be  compactly 
the  butt-end  of  the  module. 


placed  on  the  insulated  plate  fixed  by  studs  at 

The  LIA  module  is  shown  in  Fig.35 
along  with  the  available  long  solenoid 
employed  for  the  model  experiments  on 
beam  transport  (a  much  shorter  solenoid  is 
planned  to  be  used  in  the  future  proof-of- 
principle  experiments  with  the  microwave 
drive  signal).  The  dimensions  of  the 
module  itself  (with  the  power  supply  seen 
at  the  left)  are  ~70  cm  diameter  and  —120 
cm  length. 

Fig.35.  Appearance  of  the  LIA  module  and  setup 
used  in  model  experiments  on  beam  transport. 


b)  Annular  beam  generation  and  transport  with  a  dielectric  inside 

The  experiments  on  beam  generation  and  transport  by  the  guiding  magnetic  field  with  the 
dielectric  rod  inside  in  the  absence  of  an  external  microwave  signal  are,  as  was  mentioned 
above,  the  key  model  experiments.  Their  goal  is  to  study  plasma  formation  at  the  dielectric 
surface  and  estimate  how  dense  this  plasma  is.  If  the  density,  by  its  order  of  magnitude,  does 
not  exceed  1012  cm"3  (that  means  the  plasma  frequency  is  less  than  the  operating  frequency  of 
the  X-band),  the  presence  of  plasma  does  not  significantly  affect  the  electrodynamic 
properties  of  the  system,  so  that  the  concept  of  antenna-amplifiers  can  be  realized  with  a 
dielectric  rod  antenna. 


Fig.36.  Schematic  of  experimental  geometry.  Circle  marks  the  cathode  of  magnetically  insulated  coaxial  diode. 

Detailed  geometry  of  the  experiments  is  presented  in  Fig.36.  It  includes  the  LIA  vacuum 
chamber  with  its  insulator,  high-voltage  flange,  and  cathode  holder  (shown  schematically  in 
Fig.29),  the  coaxial  magnetically  insulated  diode  (60  mm  anode  and  20  mm  cathode  edge 
diameters),  the  tapered  buffer  section  (26  mm  length),  and  the  drift  tube  (40  mm  diameter). 
One  can  see  the  cathode  holder  alignment  unit  at  the  high-voltage  flange;  the  magnetic  field 
axis  was  aligned  by  means  of  adjusting  bolted  joints  between  the  solenoid  flange  and  the 
vacuum  chamber.  The  cathode  edge  is  located  in  the  region  of  uniform  magnetic  field  (52  mm 
from  the  drift  tube  entrance).  Dielectric  rods  (12  mm  diameter)  were  inserted  through  the 
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hollow  cathode  into  the  hollow  end  section  of  cathode  holder  as  a  tight  fit.  Rods  of  different 
length  were  used  in  experiments;  the  maximum  was  240  mm  from  the  cathode  edge  to  rod 
end.  Three  different  materials  were  employed  for  rods:  plexiglas,  polyethylene,  and  quartz. 

The  LIA  accelerating  voltage  was  measured  by  the  capacitive  voltage  divider  located  at 
the  inner  surface  of  the  vacuum  chamber  cylindrical  wall.  The  Rogovsky  coil  was  placed 
around  the  vacuum  chamber  to  measure  the  LIA  current.  The  electron  beam  current  in  the 
drift  tube  was  measured  by  the  Faraday  cup  movable  along  the  tube.  The  means  of  plasma 
diagnostics  will  be  discussed  below.  The  magnetic  field  in  all  shots  made  in  the  main  course 
of  experiments  was  as  high  as  2.6  T.  The  typical  LIA  voltage  and  beam  current  pulses  are 
shown  in  Fig.37.  One  can  see  that  the  values  of  voltage  and  current,  together  with  the 
J~L  •  Acq  Complete  m  Pos:  200.0ns  geometrical  parameters,  form  the  set  of 

parameters  corresponding  to  the  mentioned 
Set  1  that  was  chosen  for  initial  experiments. 
The  only  exception  is  the  dielectric  constant 
of  rod  material;  we  just  tested  available 
materials,  and  the  proper  choice  of  material 
for  the  rod  to  be  employed  in  the  real 
antenna-amplifier  device  is  a  separate  task, 
which  is  discussed  a  little  below,  but  rather 
not  duly  considered  here. 

Fig.37.  Oscilloscope  traces  of  accelerating  voltage 
(channel  1,  ~70  kV/div.)  and  electron  beam  current 
(channel  2,  ~450  A/div.)  pulses. 


The  plasma  could  be  produced  either  due  to  placing  the  rod  inside  the  cathode  under  high 
voltage  that  causes  the  surface  breakdown,  or  as  a  result  of  some  processes  occurring  during 
beam  propagation  along  the  rod.  First,  we  have  studied  the  possibility  of  plasma  formation 
inside  the  cathode.  The  details  of  the  initial  cathode  design  are  shown  in  Fig.38.  It  is  seen  that 
the  triple  point  circle,  where  the  rod  contacts  the  cathode  inner  surface,  is  rather  close  to  the 
cathode  edge,  where  high  voltage  is  applied.  This  resulted  in  a  very  dense  plasma  production,  as 
one  can  see  from  the  image  also  presented  in  Fig.38.  There  are  two  concentric  circles  of,  in  fact, 
the  same  brightness;  one  corresponds  to  the  cathode  edge  diameter,  and  another  one 
corresponds  to  the  rod  diameter.  Similar  images  were  obtained  with  long,  extending  into  the 
drift  tube,  and  short,  just  slightly  sticking  out  of  cathode,  plexiglas  rods  at  the  given  witness 
plate  position.  This  proves  that  the  inner  trace  is  originated  from  inside  the  cathode.  The  same 
brightness  means  that  the  plasma  density  at  the  triple  point  region  is  as  high  as  the  density  of 
plasma  formed  at  the  cathode  edge  due  to  explosions  of  micro-protrusions  on  metal  surface. 
Such  plasma  would  certainly  prevent  RF  fields  of  an  X-band  drive  signal  from  coupling  to  the 
electron  beam  outside  the  rod;  this  is  not  acceptable. 


Fig.38.  Initial  cathode  design  (left)  and  image  produced  with  this  cathode  on  the  witness  plate  downstream  of  the 
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short  (25  mm  from  the  cathode  edge  to  rod  end)  plexiglas  rod  (right). 

Then  the  cathode  design  was  modified  as  shown  in  Fig.39  in  order  to  "hide"  the  triple 
points  inside,  much  farther  from  the  cathode  edge.  As  a  result,  plasma  production  from  this 
place  has  been  eliminated.  The  image  obtained  on  the  copper  foil  in  case  of  the  short  rod 
inserted  into  the  modified  cathode  shown  in  Fig.39  is  the  same  as  one  produced  by  the  electron 
beam  without  dielectric  at  all. 


Fig.39.  Modified  cathode  design  (left)  and  image  produced  with  this  cathode  on  the  witness  plate  downstream  of 
the  short  (12  mm  from  the  cathode  edge  to  rod  end)  plexiglas  rod  (right). 

However,  the  trace  on  the  witness  plate  inside  the  trace  produced  by  the  main  beam 
appeared  in  case  of  the  long  dielectric  rod  extended  into  the  drift  tube.  The  corresponding 
image  obtained  for  the  maximum  rod  length  is  presented  in  Fig.40.  It  is  seen  that  the  inner 
trace  is  less  bright  than  the  main  beam  trace,  in  difference  of  Fig.38,  i.e.,  the  plasma  produced 
at  the  rod  surface  is  not  so  dense.  As  the  inner  trace  appeared  only  when  the  rod  extended  into 

the  drift  tube,  one  can  conclude  that  the  critical  place  for 
plasma  formation  at  the  rod  surface  is  at  the  tapered  buffer 
region.  After  many  shots  done,  we  got  another  evidence 
for  that:  the  traces  of  surface  breakdown  appeared  on  the 
rod  namely  at  the  location  of  tapered  region.  This  was 
observed  for  all  rod  materials  tested. 


Fig.40.  The  same  as  in  Fig.39  for  the  long  rod  (240  mm  from  the 
cathode  edge  to  rod  end). 

The  main  course  of  the  experimental  work  was  aimed  at  obtaining  data  concerning  the 
actual  density  of  plasma  produced  at  the  dielectric  rod  surface.  Its  direct  measurements  with 
the  use  of  Langmuir  probes  that  were  planned  initially  have  turned  out  impossible.  In  test 
shots  made  with  the  Faraday  cup  moved  right  up  to  the  end  of  plexiglas  rod,  short-circuiting 
was  observed.  That  means  that  the  surface  discharge  develops  along  the  dielectric  towards,  in 
fact,  a  grounded  electrode  at  the  rod  end.  Hence,  placing  a  Langmuir  probe  at  the  rod  surface 
would  cause  such  discharge,  i.e.,  formation  of  another,  "artificial"  plasma,  which  is  irrelevant 
to  the  physical  situation  of  beam  generation  and  transport  with  a  dielectric  inside.  This  is 
because  the  dielectric  contacts  the  cathode  under  high  voltage,  unlike  the  situation  in 
conventional  dielectric  Cherenkov  masers  [5],  where  the  beam  propagates  inside  a  dielectric 
liner  adjoining  a  conducting  tube  at  ground  potential. 

Therefore,  the  main  diagnostic  means  implemented  for  estimations  of  the  plasma  density 
was  based  on  measuring  the  current  transferred  by  the  inside  of  annular  beam,  which 
produces  this  less  bright  trace  on  the  witness  plate  seen  in  Fig.40.  We  assume  that  the  source 
of  this  current  is  the  plasma  at  the  rod  surface;  hence,  considering  it  as  the  electron  saturation 
current,  one  can  estimate  the  near-surface  plasma  electron  density  n  from  the  formula 
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j  «  nevT ,  where  j  is  the  measured  current  density  and  vT  is  the  thermal  velocity.  Let  us  next 
assume  that  the  electron  plasma  temperature  is  a  few  eV  (this  is  typical  for  surface  discharge 
plasma);  then,  one  can  calculate  the  electron  saturation  current  for  the  characteristic  plasma 
density  of  1012  cm"3  mentioned  above  and  obtain  j  ~  20  A/cm2.  It  remains  to  measure  the 
current  through  some  known  area  and  compare  the  current  density  to  this  figure. 

We  have  used  the  special  composite  Faraday  cup  with  two  collectors  capable  of 
measuring  both  the  main  electron  beam  current  and  the  current  transferred  inside  the  beam. 
The  design  of  this  Faraday  cup  is  shown  in  Fig.41.  The  main  beam  current  is  delivered  to  the 
outer  collector  1.  The  inner  collector  2  is  made  changeable,  so  that  its  diameter  could  be 
varied;  maximum  diameter  was  anyway  less  than  the  inner  diameter  of  the  beam.  The  added 
pieces  to  the  outer  collector  and  the  foil  diaphragm  5  protected  the  insulator  4  of  inner 
collector  from  the  plasma  produced  by  the  beam.  On  the  other  hand,  using  diaphragms  with 
different  diameters  of  the  hole  allowed  for  obtaining  a  dependence  of  the  current  delivered  to 
the  inner  collector  on  the  hole  size,  so  that  one  could  get  an  idea  about  the  plasma  density 

radial  profile.  Also,  the 
diaphragms  served  as  witness 
plates  showing  the  degree  of 
beam-rod  alignment.  The 
collet  6  provides  a  contact  with 
the  drift  tube  wall,  and 
registration  cables  go  outside 
through  the  hollow  supporting 
stick  7. 


Fig.41.  Schematic  of  the  composite 
Faraday  cup.  1  -  outer  collector,  2  - 
inner  collector,  3  -  insulator  of  outer 
collector,  4  -  insulator  of  inner 
collector,  5  -  diaphragm  (witness 
plate),  6  -  collet,  7  -  grounded  stick 
(support). 


An  example  of  current  pulses  registered  by  this  Faraday  cup  is  presented  in  Fig.42.  In  this 
case  (and  for  all  oscilloscope  traces  presented  below),  the  rod  of  maximum  length  was 
installed,  240  mm  counting  from  the  cathode  edge.  One  can  see  that  the  current  delivered  to 
the  inner  collector  is  ~30  A  here,  for  15.4  mm  diameter  of  the  diaphragm  hole.  A  rough 
assumption  now  would  be  to  estimate  current  density  taking  the  area  of  annulus  between  the 
diaphragm  hole  and  rod  cross-section.  This  gives  j  ~  40  A/cm2.  However,  there  is  also  a 
contribution  from  the  central  region  to  the  current  delivered  to  the  inner  collector.  It  is  caused 
by  some  emission  from  the  rod  end  -  we  checked  this  by  means  of  using  the  diaphragm  with  a 


CHI  5,00V 


CH2  5.00V 


M  50.0ns 
21-Jun-04  15:54 


Ext  X  - 
<10Hz 


sometimes  observed  small  signals  with  the 
solid  rod,  but  with  the  rod  made  annular  at 
the  end  region,  these  signals  totally 
disappeared. 


Fig.42.  Current  pulses  delivered  to  inner  (channel  1, 
~21  A/div.)  and  outer  (channel  2,  -450  A/div.) 
collectors  of  the  composite  Faraday  cup  placed  52  mm 
downstream  of  the  plexiglas  rod  end.  The  diaphragm 
hole  is  of  15.4  mm  diameter. 
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Therefore,  more  correct  approach  consists  in  obtaining  data  with  different  diameters  of 
the  diaphragm  hole;  the  difference  in  the  data  obtained  with  the  greater  and  smaller  holes 
gives,  statistically,  the  current  transferred  through  the  annulus  representing  the  area 
difference.  We  have  carried  out  these  studies.  It  should  be  noted  here  that  shot-to-shot 
stability  of  the  current  pulses  at  the  inner  collector  (and,  hence,  plasma  density)  in  the 
reported  experiments  was  not  very  good.  Oscilloscope  traces  obtained  in  the  series  of 
consecutive  LIA  shots  giving  an  example  for  that  are  shown  in  Fig.43.  In  this  example,  the 
rod  material  is  polyethylene. 
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Fig.43.  Current  at  inner  (channel  1,-110  A/div.  in  two  first  plots,  -44  A/div.  in  other  plots)  and  outer  (channel  2, 
-450  A/div.)  collectors  in  9  consecutive  LIA  shots.  Polyethylene  rod,  12  mm  diameter  of  the  diaphragm  hole. 

It  is  seen  that  in  this  series,  there  are  "good"  and  "bad"  pulses;  the  quality  is  determined 
by  the  magnitude  of  signal  recorded  in  channel  1,  which  is  associated  with  acceptably  low  or 
too  high  plasma  density.  The  difference  in  pulse  amplitudes  could  reach  orders  of  magnitude. 
The  interference  seen  in  traces  of  main  beam  current  pulses  (channel  2)  in  "bad"  shots  is 
caused  right  by  the  influence  of  a  large  signal  in  channel  1  on  the  registration  circuit. 
Depending  on  the  degree  of  beam-rod  alignment  and  the  level  of  vacuum  in  the  system,  "bad" 
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pulses  appeared  either  more  or  less  frequently.  In  Fig.43,  a  medium  example  is  presented. 
One  can  conclude  from  this  series  that  "bad"  pulses  may  appear  due  to  desorption  occurred 
during  first  shots,  and  then,  after  pumping  desorbed  gas  out,  they  disappear.  However,  we  did 
not  get  a  reliable  confirmation  of  this  assumption.  Additional  examples  of  consecutive  LIA 
shots  series  can  be  seen  in  Figs.44-46.  In  any  case,  with  the  vacuum  level  (-7-1  O'5  torr) 
accessible  in  our  experiments,  "bad"  pulses  have  not  been  eliminated  absolutely.  Let  us  note 
also  that  we  did  not  get  convincing  evidences  of  the  rod  material  influence  on  discussed  shot- 
to-shot  stability. 

In  Figs.44-46,  the  oscilloscope  traces  are  shown  that  were  recorded  in  shots  made  with 
the  quartz  rod  and  varied  diameter  of  the  diaphragm  hole  (12,  13,  and  14  mm,  respectively). 
This  is  the  example  of  data  used  for  the  estimation  of  the  near-surface  plasma  density.  In  spite 
of  the  presence  of  some  "bad"  pulses,  one  can  see  from  the  plots  that  the  current  delivered  to 
the  inner  collector  of  the  composite  Faraday  cup  on  average  increases  with  increasing 
diameter  of  the  hole. 
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Fig.44.  The  same  as  in  Fig.43  for  the  quartz  rod  and  012  mm  diaphragm  hole.  The  current  scales  for  the  records 
in  channel  1  are  as  follows.  Top  plots  — 1 10  A/div.  Middle  plots:  left  -  -44  A/div.;  others  -  -22  A/div.  Bottom 
plots:  left  -  -1 1  A/div.;  others  -  -4.4  A/div. 
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Fig.45.  The  same  as  in  Fig.43  for  the  quartz  rod  and  013  mm  diaphragm  hole.  The  current  scales  for  the  records 
in  channel  1  are  as  follows.  Top  plots:  right  -  -22  A/div.;  others  — 44  A/div.  Middle  plots:  right  -  -22  A/div.; 
others- -11  A/div.  Bottom  plots:  left- -11  A/div.;  others- -22  A/div. 


Statistical  treatment  of  such  data  yields  finally  the  estimation  for  current  density  (within 
the  range  of  radial  coordinate  from  6  to  7.5  mm)  j  ~  20-h30  A/cm2.  Although  accuracy  of  our 
measurements  is  not  quite  satisfactory,  one  can,  nevertheless  conclude  that,  by  the  order  of 
magnitude,  the  density  of  the  near-surface  plasma  is  ~1012  cm-3.  This  can  be  considered  more 
or  less  acceptable  for  the  X-band  antenna-amplifier  operation;  nevertheless,  investigations  are 
needed  to  find  the  conditions  (beam-rod  alignment,  vacuum  level,  processing  of  the  rod 
surface,  maybe,  rod  material),  at  which  the  plasma  density  is  reduced  more,  and  the 
reproducibility  is  better.  Also,  since  it  has  been  found  that  the  critical  place  for  plasma 
formation  at  the  rod  surface  is  at  the  tapered  buffer  region  between  the  diode  and  narrower 
drift  tube,  a  solution  could  be  in  using  quasi-planar  diode  geometry  instead  of  the  coaxial  one, 
so  that  the  buffer  section  is  absent.  MAGIC  simulations  for  such  geometry  have  been 
performed  (see  Fig. 22).  In  this  case,  though,  a  larger  solenoid  is  required  to  magnetize  the 
region  of  beam  formation. 

At  last,  let  us  briefly  discuss  the  problem  of  material  choice  for  the  dielectric  rod  antenna 
on  the  basis  of  comparison  of  the  three  materials  that  we  tested.  As  was  said  above,  regardless 
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of  the  material,  the  rod  surface  breakdown  occurs  at  the  axial  location  of  tapered  section.  In 
the  course  of  experiments,  it  has  been  observed  that  after  many  shots,  the  plexiglas  and 
polyethylene  rods  exhibit  also  traces  of  surface  breakdown  along  all  their  length  from  the 
buffer  section  to  the  rod  end.  In  any  case,  breakdown  traces  at  the  tapered  region  appeared 
first,  and  the  region  between  the  cathode  and  tapered  section  remained  clean.  For  the  quartz 
rod,  breakdown  traces  in  the  drift  tube  region  were  not  observed. 
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Fig. 46.  The  same  as  in  Fig.43  for  the  quartz  rod  and  014  mm  diaphragm  hole.  The  current  scales  in  channel  1 
are  as  follows.  Top  plots:  left  -  ~1 10  A/div.;  others  — 44  A/div.  Middle  and  bottom  plots  -  ~22  A/div. 


Photos  of  the  three  rods  that  operated  in  the  experiments  are  presented  in  Fig.47.  An 
important  thing  is  seen  from  the  top  picture  -  for  the  plexiglas  rod,  with  which  the  greatest 
number  of  shots  was  made,  a  small  "waist"  (0.3  mm  reduction  of  rod  diameter  under  the 
cathode  edge)  has  been  observed.  It  is  caused,  most  likely,  by  the  UV  radiation  from  the 
cathode  plasma  heating  the  rod  up  to  material  transfer  off,  since  plexiglas  softening  point  is  as 
low  as  90°C.  Evidently,  plastic  rods  are  rather  not  appropriate  for  an  operating  device,  and 
materials  with  high  softening  (melting)  temperature  like  quartz  or  titanium  silicate  glasses 
should  be  employed. 

Finally,  the  experiments  performed  allow  us  to  conclude  that  the  concept  of  antenna- 
amplifier  based  on  a  dielectric  rod  antenna  can  be  considered  realizable. 
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Fig.47.  Pictures  of  dielectric  rods  after  experiments:  plexiglas  (top),  polyethylene  (middle),  and  quartz  (bottom). 


c)  Microwave  transmission  and  antenna  pattern  measurements 

Studies  of  microwave  transmission  and  antenna  pattern  without  electron  beam  generation 
have  been  carried  out  using  the  low-power  (~0.1  W)  frequency  tunable  cw  X-band  oscillator. 
The  measurements  have  been  made  in  different  conditions:  (i)  with  a  standard  rectangular 
waveguide  as  a  feed  waveguide,  (ii)  with  the  microwave  transmission  system  specially 
designed  so  that  a  circular  antenna  feed  waveguide  could  serve  as  a  LIA  cathode  holder,  and 
(iii)  with  the  above  system  incorporated  into  the  LIA  chamber  assembled  with  the  electron 
diode  and  drift  tube  used  in  experiments  on  beam  transport,  i.e.,  in  the  actual  geometry  of 
antenna-amplifier  device  (except  for  a  vacuum  window  presence). 

The  main  goal  of  these  experiments  was  to  make  clear  how  the  actual  geometry  affects 
the  antenna  efficiency,  i.e.  the  level  of  reflections  and  directivity,  along  with  the  far  field 
radiation  pattern.  Also,  we  pursued  the  objective  of  checking  in  principle  known  features  of 
dielectric  rod  antennas  [7]  with  our  prototype  samples,  so  that  we  studied  how  antenna 
characteristics  depend  on  the  rod  length  and  diameter,  radiation  frequency,  and  kind  of  feed 
waveguide. 

Prototype  antennas  were  made  of  polyethylene  (as  available  material  at  the  moment).  Its 
dielectric  constant  was  measured  in  the  X-band  using  the  standard  waveguide  slotted  line- 
based  technique;  the  result  was  s  «  2.26.  The  diameter  of  the  rod  was  chosen  from  the 
consideration  of  providing  proper  calculated  phase  velocities  of  the  HEn  mode  in  the 
frequency  range  given  by  the  employed  oscillator  (we  tested  rods  of  16  and  15  mm  diameter 
with  the  rectangular  feed  waveguide  and  rods  of  15  mm  diameter  with  the  circular  feed 
waveguide).  The  antennas  of  two  different  lengths  (17  and  25  cm)  were  tested.  They  were 
made  with  no  tapering,  just  with  rounded  ends. 
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The  works  on  microwave  transmission  system  development  and  antenna  studies  included 
the  following  stages: 

1.  Measurements  of  characteristics  of  sample  antennas  fed  through  the  standard  X-band 
rectangular  waveguide  (23x10  mm,  fundamental  TEio  mode)  in  the  unechoic  chamber. 

2.  Design  and  fabrication  of  the  microwave  transmission  system  for  antenna  feeding 
through  the  circular  waveguide  in  its  fundamental  TEn  mode,  so  that  the  feed  waveguide  with 
a  horn  could  play  the  role  of  LIA  cathode  holder  with  a  knife-edge  cathode  of  electron  diode. 

3.  Studies  of  the  fabricated  system  and  sample  antennas  fed  through  the  circular 
waveguide  in  the  unechoic  chamber. 

4.  Studies  of  the  system  incorporated  into  the  LIA  chamber  with  the  anode  of  electron 
diode  and  drift  tube  (as  in  experiments  on  beam  transport);  in  this  case,  antennas  radiated  into 
the  free  space. 

Schematic  of  the  measurements  in  the  unechoic  chamber  is  shown  in  Fig.48.  The 
dimensions  of  the  unehoic  chamber  are  ~120x  120x350  cm,  so  that  the  location  of  the 
receiving  horn  was  well  in  the  far  field  zone  of  tested  antennas.  The  receiving  hom  was  fixed, 
whereas  the  radiating  antenna  could  be  rotated  both  in  the  horizontal  and  vertical  planes.  In 
this  configuration,  the  inaccuracies  of  measuring  the  angle  of  antenna  turning  (p  and  the 
distance  between  the  radiating  and  receiving  antennas  R  lead  to  the  inaccuracies  in  the 
antenna  pattern  angular  width,  which  can  be  estimated  as  ~  arctan(/sin^//?)/(o  and 
~  2/(1  -cos<p) /R,  respectively,  where  /  is  the  length  of  the  rod  antenna.  For  angles  of 
antenna  rotation  <p<  20°,  this  gives  the  summed  inaccuracy  not  exceeding  15%. 


Fig.48.  Experimental  setup  used  for  antenna  pattern  measurements  in  the  unechoic  chamber.  1  -  low-power  cw 
X-band  oscillator;  2  -  coax-waveguide  transformer;  3  -  microwave  circulator;  4  -  matched  load;  5  -  feed 
waveguide;  6  -  tripod  with  the  mechanism  providing  rotational  displacement;  7  -  rod  antenna;  8  -  unechoic 
chamber;  9  -  receiving  horn  antenna;  10  -  calibrated  detecting  unit;  1 1  -  oscilloscope. 

The  antenna  patterns  we  obtained  with  the  use  of  the  rectangular  feed  waveguide 
practically  do  not  differ  from  those  we  got  later  with  the  circular  feed  waveguide  concerning 
their  frequency  dependence  and  the  dependence  on  the  rod  length,  the  results  presented 
below.  With  the  rectangular  feed  waveguide,  we  compared  the  rods  of  two  different 
diameters.  It  turned  out,  as  expected,  that  for  the  thicker  rod,  a  significant  level  of  side  lobes 
appeared  at  a  lower  frequency  than  for  the  thinner  one.  With  the  circular  feed  waveguide,  we 
tested  only  rods  of  one  diameter. 

The  design  of  the  microwave  transmission  system  was  already  briefly  described  above  in 
the  section  a).  In  Fig.49,  it  is  shown  again,  together  with  the  dielectric  rod.  The  input  X-band 
signal  goes  through  the  standard  rectangular  waveguide  in  its  TEio  mode;  then  it  enters  into 
the  rectangular-to-circular  waveguide  transformer.  The  end  cross-section  of  the  transformer  is 
of  23  mm  diameter,  so  that  the  only  lowest  TEu  mode  of  a  circular  waveguide  is  supported 
within  the  frequency  range  of  the  employed  oscillator.  This  transformer  was  designed  as  a 
transformer  of  minimum  length  providing  the  reflection  coefficient  T2  <  0.005  for  the 
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frequency  range  from  8.7  to  9.7  GHz  on  the  basis  of  known  expressions  giving  the  axial 
profile  of  wave  impedance  [17].  Next  to  this  transformer  is  the  matching  section  between  the 
circular  waveguides  of  23  and  16  mm  diameters.  For  an  empty  waveguide  of  16  mm 
diameter,  the  operating  frequencies  are  already  below  cutoff,  so  that  the  signal  propagation  is 
provided  due  to  filling  with  dielectric,  and  matching  is  achieved  by  tapering  the  input  part  of 
the  rod  as  well  as  the  conducting  wall.  Finally,  the  dielectric-filled  waveguide  of  16  mm 
diameter  ends  with  the  cathode  serving  as  the  horn  of  20  mm  aperture  diameter,  which  excites 
the  operating  HEn  mode  of  the  rod  antenna.  The  rod  is  made  sectional  (in  difference  of  the 
experiments  on  beam  transport)  in  order  to  provide  its  needed  extension  out  of  the  horn. 


Some  results  of  the  measurements  of  the  antenna  pattern  performed  with  this  designed 
and  fabricated  system  in  the  unechoic  chamber  are  shown  in  Fig.50.  The  values  of  antenna 
length  /  given  on  these  plots  correspond  to  the  length  of  rod  extension  out  of  the  horn 
aperture.  One  can  see  that  the  obtained  values  of  the  main  lobe  angular  width  are  of  the  same 
order  as  those  known  for  dielectric  rod  antennas  [7].  The  longer  antenna  has  a  higher 
directivity  as  expected  (-15-17°  FWHM  width),  however,  it  exhibits  much  faster  growth  of 
the  side  lobes  level  with  increasing  frequency.  Let  us  note  here  that  suppression  of  the  side 
lobes  by  proper  tapering  of  the  antenna  radius  was  not  our  goal;  this  problem  can  be  solved 
using  methods  of  antenna  synthesis  regardless  of  issues  connected  with  an  antenna-amplifier 
device  operation. 


Fig.50.  Power  delivered  to  the  receiving  antenna  (a.u.)  vs.  angle  of  rod  antenna  rotation  in  the  H-plane  (solid 
curves)  and  E-plane  (dashed  curves)  at  different  frequencies  for  two  different  antenna  lengths  (measured  in  the 
unechoic  chamber). 
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Fig.5 1 .  Experimental  setup  used  for  radiation  pattern  measurements  in  the  free  space  (system  is  inside  the  L1A). 

1  -  low-power  cw  X-band  oscillator;  2  -  waveguide  circulator;  3  -  detecting  unit  for  reflected  signal  registration; 

4  -  oscilloscope;  5  -  microwave  transmission  system;  6  -  LIA  chamber;  7  -  rod  antenna;  8  -  receiving  horn 
antenna;  9  -  detecting  unit;  10  -  microwave  absorber. 

Schematic  of  the  experiments  with  the  microwave  transmission  system  incorporated  into 
the  real  hardware  of  LIA  chamber,  anode,  and  drift  tube  is  presented  in  Fig.5 1.  In  these 
experiments,  it  was  the  receiving  antenna  that  was  displaced  in  the  far  field  zone  along  the  arc 
of  circle  of  3  m  radius  in  the  horizontal  plane.  The  system  radiated  into  the  free  space  as 
shown  in  the  figure.  The  whole  system  including  radiating  antenna  was  fixed;  in  order  to 
obtain  radiation  patterns  in  H-  and  E-planes,  we  rotated  it  around  its  own  axis  by  90°,  so  that 
the  plane  of  receiving  antenna  displacement  became  either  H-  or  E-plane  depending  on  the 
orientation  of  the  rectangular  waveguide  of  the  system.  As  is  seen  from  Fig.5 1,  the  reflected 
signal  existing  in  the  actual  geometry  of  the  antenna-amplifier  was  registered  as  well  as  the 
signal  delivered  to  the  receiving  horn. 

The  appearance  of  LIA  chamber,  anode  and  drift  tube  with  the  radiating  antenna  can  be 
seen  in  Fig.52.  It  should  be  emphasized  that  the  entire  length  of  the  polyethylene  rod  in  these 
experiments  was  ~30  cm  greater  compared  to  the  case  of  isolated  antenna.  However,  we 
tested,  in  fact,  antennas  of  the  same  lengths:  in  case  of  actual  antenna-amplifier  geometry,  the 

length  is  defined  by  the  rod  extension 
out  of  the  drift  tube  end  flange, 
whereas  for  isolated  antennas,  it  is 
the  distance  between  the  rod  end  and 
feed  horn  aperture  (cathode  edge). 


Fig.52.  External  view  of  the  rod  antenna  fed 
by  the  developed  microwave  transmission 
system  incorporated  into  the  hardware  of 
model  experiments  on  electron  beam 
transport. 

Thus  we  were  able  to  achieve  the  goal  of  determining  purely  the  influence  of  real 
geometry  surrounding  the  dielectric  rod  on  the  antenna  characteristics.  The  results  of  the 
radiation  pattern  measurements  for  the  same  frequencies  and  antenna  lengths  as  shown  above 
in  Fig.50  are  presented  in  Fig.53.  Comparing  the  two  figures,  one  can  see  that  the  obtained 
data  demonstrate  very  similar  features,  i.e.,  the  real  geometry  of  the  device  practically  does 
not  change  the  angular  distribution  of  radiated  power  and  its  dependence  on  frequency  in 
comparison  with  those  of  the  isolated  antenna.  The  main  lobe  angular  width  vs.  frequency 
dependence  measured  in  the  real  geometry  for  the  two  antenna  samples  is  shown  in  Fig.54. 


As  is  seen,  for  the  longer  antenna,  the  main  lobe  is  narrower,  but  smeared  at  lower 
frequencies,  so  that  there  are  no  data  to  be  plotted  at  frequencies  exceeding  8.9  GHz. 


Fig.53.  Power  delivered  to  the  receiving  antenna  (a.u.)  vs.  angle  between  the  fixed  rod  antenna  and  direction  to 
receiving  antenna  moving  in  the  H-plane  (solid  curves)  and  E-plane  (dashed  curves)  at  different  frequencies  for 
two  different  antenna  lengths  (measured  in  the  free  space). 
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Fig.54.  Radiation  pattern  angular  width  vs.  frequency.  I  =  17  cm  (left  plot)  and  25  cm  (right  plot). 


With  regard  to  the  measurements  of  the  amplitude  of  reflected  signal  in  the  microwave 
transmission  system  incorporated  into  the  LIA,  our  experiments  have  shown  that  the  designed 
system  can  be  matched  within  the  required  range  of  operating  frequencies.  A  certain 
adjustment  in  the  section  matching  the  23  mm  diameter  waveguide  cross-section  to  16  mm 
diameter  dielectric-filled  waveguide  is  needed  to  maintain  matching  at  a  fixed  level  as  the 
frequency  changes.  It  is  achieved  by  little  (<  1  cm)  displacement  of  the  polyethylene  rod  as 
whole  along  the  system  axis.  To  obtain  more  frequency-independent  characteristic  of  the 
system,  special  synthesis  of  axial  profile  of  the  rod  input  part  is  required.  In  any  case,  the  fact 
that  the  reflected  signal  can  be  eliminated  under  conditions  of  real  surrounding  of  the 
dielectric  rod  is  important  in  the  light  of  future  experiments  on  gain  demonstration  in  the 
antenna-amplifier  with  a  powerful,  pulsed  microwave  drive  source. 
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III.  CONCLUSIONS 


The  concept  of  hybrid  antenna-amplifier,  a  combination  of  a  surface  wave  antenna  with  a 
relativistic  Cherenkov  amplifier  for  a  controllable  compact  high-power  microwave  source  has 
been  explored  through  theoretical  investigations,  numerical  simulations,  and  model 
experiments.  The  investigated  configuration  is  based  on  the  dielectric  rod  antenna  fed  through 
the  waveguide  serving  simultaneously  as  the  cathode  holder  in  the  linear  induction 
accelerator,  generator  of  high-current  relativistic  annular  electron  beam. 

The  one-dimensional  nonlinear  theory  has  been  developed  allowing  one  to  perform 
simulations  of  the  device  with  non-axisymmetric  RF  drive  signal  (operating  HEn  mode  of  the 
dielectric  rod)  and  accounting  for  higher-order  modes  involved  into  the  process  of  interaction 
with  the  electron  beam  at  harmonics  of  the  drive  frequency.  The  multimode  simulations 
carried  out  have  made  possible  to  determine  two  characteristic  sets  of  parameters  appropriate 
for  future  detailed  investigations  of  the  antenna-amplifier.  The  difference  between  the  two 
sets  is  in  the  physics  of  interaction  at  the  nonlinear  stage  when  the  HEn  mode  either 
dominates,  or  does  not  dominate,  so  that  one  may  have  in  the  output  signal  spectrum  either 
combination  of  the  main  and  harmonic  frequencies  with  comparable  power  level,  or  typical 
for  conventional  Cherenkov  amplifiers  prevalence  of  the  main  frequency.  The  latter,  less 
complicated  case  have  been  chosen  for  the  initial  future  proof-of-principle  experiments  on 
gain  demonstration  in  the  antenna-amplifier.  The  1-D  simulations  have  shown  that  in  this 
case,  the  output  power  transmitted  in  the  HEu  mode  at  the  main  X-band  frequency  is  at  least 
20  dB  higher  than  the  2nd  harmonic  power  in  the  higher-order  TMoi  and  HE21  modes.  The 
case  of  effective  multiplication  of  the  drive  signal  frequency  is  promising  since  novel 
schemes  of  tuning  can  be  realized  providing  electronic  control  of  the  ratio  of  harmonic 
amplitudes  in  the  radiation  spectrum.  It  has  been  found  that  the  harmonic  content  of  the 
output  signal  can  be  controlled  by  changing  the  place  of  the  beam  removal  out  of  the 
interaction  space,  or  by  variation  of  the  input  signal  frequency,  or  by  changing  the  input 
signal  field  polarization  from  linear  to  circular. 

The  two  characteristic  sets  of  parameters  have  been  studied  in  full-scale  numerical 
particle-in-cell  simulations  of  the  antenna-amplifier  using  the  3-D  version  of  the  code 
MAGIC.  For  the  set  providing  the  dominance  of  the  operating  HEu  mode  and  chosen  for 
initial  experiments  to  be  done  in  the  future  to  prove  the  concept,  the  achievable  gain, 
bandwidth,  and  device  efficiency  have  been  found.  At  the  peak  gain  frequency  of  ~9.3  GHz,  it 
reaches  ~17  dB  with  the  interaction  space  length  of  ~25  cm.  The  amplification  band  coincides 
with  the  frequency  range  of  the  available  magnetron  to  be  employed  for  microwave  drive 
pulse  production,  and  the  efficiency  reaches  ~10%  at  ~20  MW  output  power.  With  the  values 
of  tangential  electric  field  component  at  the  rod  surface  corresponding  to  this  power  level,  the 
surface  breakdown  can  be  eliminated,  so  that  the  obtained  results  allow  for  planning  future 
experiments  on  the  gain  demonstration.  For  another  set  of  parameters,  the  effect  of  drive 
signal  frequency  multiplication  has  been  verified,  and  the  possibility  to  control  harmonics 
content  in  the  output  signal  spectrum  has  been  confirmed.  Also,  it  has  been  shown  that 
accounting  for  real  conditions  in  the  electron  diode  by  means  of  explosive  emission  model 
results  in  lower  gain  and  efficiency  as  well  as  in  lower  level  of  generated  frequency 
harmonics. 

The  linear  theory  of  Cherenkov  interaction  has  been  built  for  the  case  of  annular  electron 
beam  in  the  waveguide  with  an  inner  disc-loaded  conducting  rod  in  order  to  compare 
achievable  values  of  gain  and  bandwidth  to  the  case  of  an  inner  dielectric  rod.  The  dispersion 
relation  of  the  system  has  been  derived  in  the  one-wave  approximation  valid  for  description  of 
the  instability  in  the  fundamental  quasi-TEM  mode;  its  complex  solutions  have  been 
investigated  at  different  beam  and  structure  parameters.  The  particular  result  of  the 
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comparison  is  that  the  achievable  gain  in  the  quasi-TEM  mode  of  the  structure  with  the  disc- 
loaded  rod  is  much  higher  than  that  in  the  HEi  i  mode  of  the  structure  with  the  dielectric  rod 
due  to  stronger  beam-wave  coupling  at  given  beam-rod  distances.  At  the  X-band  operating 
frequencies,  the  gain  per  unit  length  reaches  -3  dB/cm.  In  addition,  the  -3  dB  bandwidth  for 
the  disc-loaded  rod  can  be  about  twice  wider  under  certain  parameters  due  to  weaker 
dispersion  of  the  quasi-TEM  mode.  Nevertheless,  advantages  of  dielectric  rod,  such  as  much 
easier  input  of  the  microwave  drive  signal  and  very  good  frequency  separation  of  operating 
HEn  mode  from  others,  make  it  more  preferable  for  the  antenna-amplifier  device  to  be  based 
on,  if  there  were  no  problems  connected  with  the  near-surface  plasma  formation. 

The  latter  issue  has  been  studied  in  the  model  experiments  on  annular  electron  beam 
generation  and  transport  in  the  guiding  magnetic  field  with  a  dielectric  rod  inside  in  the 
absence  of  external  microwave  signal.  The  experiments  have  been  conducted  on  the  compact 
linear  induction  accelerator  module  specially  modified  to  make  it  appropriate  for  the  antenna- 
amplifier  device.  The  parameters  of  electron  beam  and  drift  tube  geometry  corresponded  to 
those  chosen  for  the  future  proof-of-principle  experiments  and  investigated  in  MAGIC 
simulations  (except  the  dielectric  rod  material,  for  which  plexiglas,  polyethylene,  and  quartz 
were  tested).  In  these  studies,  it  has  been  shown  that  a  dense  plasma  production  from  inside 
the  cathode  can  be  eliminated  by  means  of  "hiding"  the  triple  point  circle  where  the  rod 
contacts  the  cathode  inner  surface  deeply  enough,  far  from  the  cathode  edge.  It  has  been 
found,  however,  that  plasma  is  formed  at  the  rod  surface  at  the  location  of  tapered  buffer 
section  between  the  drift  tube  and  anode  of  the  coaxial  diode.  The  density  of  this  near-surface 
plasma  has  been  estimated  by  means  of  measuring  the  current  delivered  to  the  inner  collector 
of  the  special  composite  Faraday  cup  and  considering  it  as  the  electron  saturation  current.  For 
a  plasma  of  a  few  eV  temperature,  the  density  turns  out  to  be  ~1012  cm'3  for  all  tested 
materials  that  is  not  so  high  to  significantly  affect  the  electrodynamic  properties  of  the 
interaction  space  in  an  X-band  device.  Also,  it  has  been  found  that  in  a  great  amount  of  shots, 
the  UV  radiation  from  the  explosive  emission  cathode  plasma  heats  the  plastic  rods  near  the 
cathode  edge  up  to  softening  and  some  material  transfer  off,  so  that  they  are  rather  not 
appropriate  for  an  operating  device,  and  materials  with  high  softening  (melting)  temperature 
like  quartz  or  titanium  silicate  glasses  should  be  employed  in  the  antenna-amplifier. 

The  microwave  transmission  system  to  be  incorporated  into  the  LIA  module,  so  that  a 
circular  antenna  feed  waveguide  could  serve  as  LIA  cathode  holder  has  been  designed, 
fabricated,  and  tested.  Studies  of  microwave  transmission  and  antenna  pattern  without 
electron  beam  generation  have  been  carried  out  using  the  low-power  cw  X-band  oscillator 
tunable  over  7. 6-9.8  GHz  frequency  range.  It  has  been  shown  that  the  real  geometry  of  the 
device  practically  does  not  change  the  angular  distribution  of  radiated  power  and  its 
dependence  on  frequency  in  comparison  with  those  of  the  isolated  antenna.  Measurements 
have  shown  expected  directivities  of  tested  antennas  (-15-20°  FWHM  width)  and  the  growth 
of  the  side  lobes  level  with  increasing  frequency.  Also,  it  has  been  demonstrated  that  the 
reflected  signal  can  be  eliminated  under  conditions  of  real  surrounding  of  the  dielectric  rod. 
This  is  important  in  the  light  of  future  experiments  on  gain  demonstration  in  the  antenna- 
amplifier  with  a  powerful,  pulsed  microwave  drive  source. 

Finally,  the  research  performed  allows  us  to  consider  the  antenna-amplifier  concept 
realizable.  The  initial  design  of  the  antenna-amplifier  that  is  based  on  a  dielectric  rod  antenna 
and  driven  by  the  electron  beam  (-200  keV,  1  kA)  produced  in  the  compact  linear  induction 
accelerator  module  has  been  elaborated,  and  most  of  the  hardware  required  for  the  future 
experiments  to  prove  the  concept  has  been  fabricated.  It  is  assumed  that  an  X-band 
microwave  pulse  compressor  will  be  employed  as  an  RF  drive  source.  Now,  we  plan  on  the 
demonstration  of  gain  in  the  device  at  the  output  radiation  power  level  of  10-20  MW  for 
pulses  of  up  to  tens  nanoseconds  duration. 
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